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The importance of the traditional 4-methylbenzenesulfonyl (tosyl) protecting 
groups in the widely used Richman-Atkins cyclization of azamacrocycles, in particular 
1,4,7,10-tetraazacyclododecane (cyclen), is investigated through the systematic variation 
of groups, and the properties of the tosyl groups that contribute to successful cyclization 
are identified.  The first experimental evidence of the Thorpe-Ingold effect contributing 
to cyclization, in the form of crystallographic overlays with low root-mean-square 
deviations, is presented and is further supported by a computational conformational 
study.  In the absence of a bulky group on the center of one of the cyclic precursors 
contributing to the steric Thorpe-Ingold effect, an electronic gauche effect arising from 
the electron-withdrawing nature of sulfonamides is observed to also cause curvature of 
the cyclic precursor, leading to the desired cyclic product. 
Cyclens with a 3:1 substitution pattern of the amines find important applications 
particularly in medical imaging but suffer from inefficient and low-yielding synthesis.  
An efficient synthesis, installing the 3:1 substitution pattern prior to cyclization, is 
designed and attempted using 4-nitrobenzenesulfonyl (nosyl) protecting groups.  Initial 
nosyl deprotection attempts were thwarted by what is hypothesized to be incomplete 
deprotection resulting in amine – sulfur dioxide complexes, but these difficulties were 
overcome via aqueous hydrolysis. 
The trifluorotosyl group was explored as a possible protecting group for 
Richman-Atkins cylization, and deprotection conditions were identified.  
Trifluorotosylated amines were highly crystalline, and while the lattice energies were 
iii 
 
calculated to be similar to those of their tosylated analogues, an in-depth study of the 
intermolecular close contacts via Hirshfeld surface, ratio of frequencies, and electrostatic 
potential energy map analyses showed that fluorine atoms form weak but numerous 
intermolecular interactions.  These interactions resulted in a lack of isostructurality in 
nine out of ten pairs of tosyl/trifluorotosyl analogues indicating that the simple CH3 to 








I would like to express my gratitude to those whose kindness, guidance, and 
support I have especially cherished: 
To Dr. Sean O’Connor for his inspiration and mentorship.  Thank you for 
breaking up TA duties with funny and interesting stories across your long, successful, 
and varied career.  As you enjoy your retirement, you are sorely missed here. 
To Dr. Alex Kitaygorodskiy – Thank you for your trust in me. 
To Robin Wilmott, who holds everything together in a way that no one else could. 
To Dr. William Pennington and Dr. Dennis Taylor for their mentorship over my 
twelve years in the Department of Chemistry at Clemson University. 
To Dr. Modi Wetzler and the Department of Chemistry for funding and 
assistantship opportunities. 
To the Ruohoniemi family: Ian, Emma, Tim, and Dr. Lisa for welcoming me into 
their home and giving me much needed and much enjoyed breaks from the grind of grad 
school.  Especially to Ian, for both his friendship and his work. 
To Matt Wasilewski, who started it all.  Thank you for being a chemist when I 
need to bounce ideas off you and a friend when I need to not think about chemistry. 
To my groupmates who led the way and who make me smile: Kirstin Sockwell, 
Andrea Gaertner, Paris Hamilton, Nicole Hostetter, and Brandon Wackerle. 
To my undergraduate research assistants: William Harris, Rebecca Pontius, 
Alexandra North, Ian Cummings, Deidra Ward, Micah Jordan, Spencer Temples, 
v 
 
Christopher Polito, Caleb Kelley, Kim Comport, and Brian LeFevre; and to my high 
school research assistants: Omri Bein and Ian Ruohoniemi.  Thank you all for your work 
and undying positivity – even those many failed reactions helped us achieve our results 
and helped me achieve my Ph.D.  Thank you, most of all, for being my friends. 
vi 
 





TITLE PAGE .................................................................................................................... i 
 
ABSTRACT ..................................................................................................................... ii 
 
ACKNOWLEDGMENTS .............................................................................................. iv 
 
LIST OF TABLES ........................................................................................................ viii 
 





 I. INTRODUCTION: THE THORPE-INGOLD EFFECT WITH  
   RESPECT TO RICHMAN-ATKINS CYCLIZATION .......................... 1 
 
 
 II. INVESTIGATION INTO THE IMPORTANCE OF TRADITIONAL  
   PROTECTING GROUPS ON RICHMAN-ATKINS PRECURSORS ... 7 
 
   2.1 Introduction ........................................................................................ 7 
   2.2 Protection for Diethanolamine Center Amine ................................... 7 
   2.3 Protection for Diethylene Triamine Terminal Amines .................... 11 
   2.4 Protection for Diethylene Triamine Center Amine .......................... 14 
   2.5 Gauche Effect .................................................................................. 27 
   2.6 Solution-state Curvature .................................................................. 36 
   2.7 Conclusions and Future Directions .................................................. 44 
 
 III. INVESTIGATION INTO THE EFFICIENT SYNTHESIS OF 3:1 
   SUBSTITUTED CYCLENS ................................................................. 48 
 
   3.1 Introduction ...................................................................................... 48 
   3.2 Nosyl: An Alternative to Tosyl Protecting Groups.......................... 51 
   3.3 Synthesis of 3:1 Nosyl Cyclens ....................................................... 55 





Table of Contents (Continued) 
Page 
 
 IV. TRIFLUOROTOSYLATION EN ROUTE TO AZAMACROCYCLES AND  
   CRYSTALLINE FLUORINE INTERACTIONS ................................. 62 
 
   4.1 Preface.............................................................................................. 62 
   4.2 Introduction ...................................................................................... 63 
   4.3 Experimental .................................................................................... 68 
   4.4 Results and Discussion .................................................................... 72 
   4.5 Hirshfeld Analysis ........................................................................... 77 
   4.6 Ratio of Frequencies (RF) ................................................................ 82 
   4.7 Electrostatic Potential Surfaces........................................................ 86 
   4.8 Lattice Energies ............................................................................... 88 
   4.9 Summary and Conclusions .............................................................. 92 
 
 V. CONCLUSIONS AND FUTURE DIRECTIONS....................................... 95 
 
   5.1 Summary and Conclusions .............................................................. 95 
   5.2 Future Directions ............................................................................. 98 
 
REFERENCES ............................................................................................................ 102 
 
APPENDICES ............................................................................................................. 110 
 
 A: Acronyms and abbreviations...................................................................... 111 
 B: NBO analysis ............................................................................................. 112 
 C: DETA conformation optimizations............................................................ 121 
 D: Distance calculations for NOESY ............................................................. 125 
 E: Trifluorotosyl deprotection conditions ...................................................... 134 
 F: Crystal Growth & Design permissions and Supplemental Information .... 136 









 2.4.1 Yields of 3:1 Cyclization ............................................................................. 27 
 
 2.5.1 Optimized and hyperconjugative stabilization energies .............................. 30 
 
 2.5.2 DETA and DEOA crystal structure conformations ..................................... 36 
 
 2.6.1 Reference interatomic distances for NOESY .............................................. 41 
 
 2.6.2 Interatomic distances involving the outer CH2 groups by  
   conformation of the DETA backbone .................................................... 43 
 
 3.3.1 Attempted alkylations of (Ns)3(H)Cyclen ................................................... 57 
 
 4.6.1 Calculated RF values of trifluorotoluenesulfonamide structures ................. 83 
 
 4.8.1 Calculated lattice energies ........................................................................... 89 
 
 A-1 Acronyms and abbreviations...................................................................... 111 
 
 B-1 Hyperconjugative interactions arising from backbone  
   conformation for (Ts)3DETA ........................................................ 112-114 
 
 B-2 Hyperconjugative interactions arising from backbone  
   conformation for (Ts)3DEOA ....................................................... 114-116 
 
 B-3 Hyperconjugative interactions arising from backbone  
   conformation for (Ms)2(H)DETA ................................................. 116-118 
 
 B-4 Hyperconjugative interactions arising from backbone  
   conformation for (Ms)2(H)DEOA ................................................. 118-120 
 
 C-1 Conformations of (Me)5DETA optimized at  
   B3LYP/ 6-311G+(d,p) .................................................................. 121-122 
 
 C-2 Conformations of (Ms)2(Me)3DETA optimized at  
   B3LYP/ 6-311G+(d,p) .................................................................. 122-123 
 
 C-3 Conformations of (Ms)3(Me)2DETA optimized at  
   B3LYP/ 6-311G+(d,p) .................................................................. 123-124 
ix 
 




 D-1 Crystallographic tosyl H – H distances ............................................... 125-127 
 
 D-2 Computational tosyl H – H distances.................................................. 127-129 
 
 D-3 Crystallographic distances between the outer CH2 groups  
   in the C-C-N-C-C alkyl backbone ................................................ 129-131 
 
 D-4 Computational distances between the outer CH2 groups  
   in the C-C-N-C-C alkyl backbone of optimized structures .......... 131-132 
 
 E-4 Deprotection conditions attempted to remove the  









 1.1 Azamacrocycle cyclen, crown ether 12-crown-4, MRI contrast 
   agent Gadoterate ...................................................................................... 2 
 
 1.2 Nomenclature of sulfonyl groups................................................................... 2 
 
 1.3 Richman-Atkins cyclization to synthesize cyclen ......................................... 3 
 
 1.4 Depiction of steric clashes of bulky tosyl groups causing 
   curvature of the DETA and DEOA alkyl backbones ............................... 4 
 
 1.5 Sulfonyl protecting groups in this work......................................................... 5 
 
 2.2.1 Aziridinium formation ................................................................................... 8 
 
 2.2.2 Morpholine formation from (F3Ts)2(Boc)DEOA .......................................... 9 
 
 2.2.3 Proposed mechanism for morpholine formation/ Depiction 
   of steric clashes preventing approach of large nucleophiles .................. 10 
 
 2.3.1 Elimination of (F3Ts)3DEOA caused by the high pKa  
   of the Boc-protected amine .................................................................... 11 
 
 2.3.2 Successful cyclization with TFA-protected amines  
   with an electrophile which cannot undergo elimination ........................ 12 
 
 2.2.3 Cyclization of (Ts)4Cyclen originally reported by Richman and Atkins ..... 13 
 
 2.3.4 Over-alkylation of an unprotected amine to form the  
   quaternary ammonium salt ..................................................................... 13 
 
 2.4.1 Crystal structures and overlays of (Ts)3DETA, (Ts)3DEOA,  
   and (Ts)4Cyclen ..................................................................................... 15 
 
 2.4.2 Difficulty tracking precursor contribution to (Ts)4Cyclen ........................... 16 
 
 2.4.3 RMSDs of (Ts)3DETA and (Ts)3DEOA overlaid with  









 2.4.4 Crystal structures and overlays of (F3Ts)3DETA,  
   (F3Ts)3DEOA, and (F3Ts)4Cyclen ......................................................... 18 
 
 2.4.5 RMSDs of (F3Ts)3DETA and (F3Ts)3DEOA overlaid with  
   n-pentane and (F3Ts)4Cyclen ................................................................. 19 
 
 2.4.6 Crystal structures and overlays of (Ns)2(Boc)DETA,  
   (F3Ts)2(Ns)DEOA, and (Ns)3(Boc)Cyclen ............................................ 21 
 
 2.4.7 RMSDs of (Ns)2(Boc)DETA and (F3Ts)2(Ns)DEOA  
   overlaid with n-pentane and (Ns)3(Boc)Cyclen ..................................... 22 
 
 2.4.8 Crystal structures and overlays of (Ns)2(formyl)DETA, 
   (F3Ts)2(Ns)DEOA, and (Ns)3(formyl)Cyclen ........................................ 23 
 
 2.4.9 RMSDs of (Ns)2(formyl)DETA and (F3Ts)2(Ns)DEOA  
   overlaid with n-pentane and (Ns)3(formyl)Cyclen ................................ 24 
 
 2.4.10 Crystal structures and overlays of (Ns)2(H)DETA*HCl,  
   (F3Ts)2(Ns)DEOA, and (Ns)3(H)Cyclen ................................................ 25 
 
 2.4.11 RMSDs of (Ns)2(H)DETA*HCl and (F3Ts)2(Ns)DEOA  
   overlaid with n-pentane and (Ns)3(H)Cyclen ........................................ 26 
 
 2.5.1 Crystal structure of (Ns)2(H)DETA*HCl showing gauche  
   N-C-C-N “arms” .................................................................................... 28 
 
 2.5.2 Energies of bis(anti) conformations relative to bis(gauche) 
   conformations of DETAs and DEOAs .................................................. 29 
 
 2.5.3 Possible conformations of the DETA backbone .......................................... 32 
 
 2.5.4 Curvature of DETA systems as measured by outer carbon 
   distances ................................................................................................. 33 
 
 2.5.5 Energy and curvature by conformation of (Me)5DETA,  
   (Ms)2(Me)3DETA, and (Ms)3(Me)2DETA systems .......................... 34-35 
 
 2.6.1 Depiction of intramolecular hydrogen bonding that could  
   induce curvature of the alkyl backbone in DETA systems .................... 37 
xii 
 




 2.6.2 Substituted DETAs for the NOESY study ................................................... 38 
 
 2.6.3 Synthesis of (Ns)(F3Ts)(Ts)DETA .............................................................. 39 
 
 2.6.4 NOESY spectrum of (Ns)(F3Ts)(Ts)DETA................................................. 40 
 
 2.6.5 Integration of NOESY couplings ............................................................ 41-42 
 
 3.1.1 First-generation cyclic MRI contrast agent (Gadoterate) 
   and second-generation 3:1 cyclic MRI contrast agents ......................... 48 
 
 3.1.2 Traditional route to 3:1 protected cyclen ..................................................... 49 
 
 3.1.3 Efficient synthesis of 3:1 protected cyclen via  
   differentiating the DEOA precursor....................................................... 50 
 
 3.1.4 Efficient synthesis of 3:1 protected cyclen via  
   differentiating the DETA precursor ....................................................... 51 
 
 3.2.1 Expected deprotection of a nosyl group ....................................................... 52 
 
 3.2.2 Synthesis of (Ns)4Cyclen via Richman-Atkins cyclization ......................... 52 
 
 3.2.3 Proposed incomplete deprotection of nosyl group resulting 
   in an amine – sulfur dioxide charge transfer complex ........................... 53 
 
 3.2.4 Intramolecular and intermolecular 2:1 amine – sulfur dioxide 
   complexes involving cyclen ................................................................... 54 
 
 3.3.1 Cyclization of (Ns)3(H)Cyclen .................................................................... 56 
 
 3.3.2 Spacefilling crystal structure of (Ns)3(H)DETA showing  
   the NH buried in the center of the structure ........................................... 57 
 
 3.3.3 Synthesis of (Ns)2(formyl)DETA ................................................................ 58 
 
 3.3.4 Inefficient synthesis of (Ns)2(Boc)DETA .................................................... 59 
 








 4.1.1 Two-step deprotection of the trifluorotosyl group ....................................... 62 
 
 4.2.1 Structures of compounds crystallized in the present work .......................... 67 
 
 4.4.1 Bond lengths in 6 and 7 ............................................................................... 74 
 
 4.4.2 Crystal packing in 2 showing fluorous sheets and 12  
   showing fluorous columns ..................................................................... 75 
 
 4.4.3 Intermolecular F···F contacts in 5, 9, and 10 are  
   shorter than the sum of the van der Waals radii..................................... 75 
 
 4.4.4 Cis and trans Type I fluorine – fluorine contacts in 4 
   Type II fluorine – fluorine halogen interactions in 2 ............................. 77 
 
 4.5.1 Crystal structures, Hirshfeld surfaces, fingerprint plots, 
   and close contacts (% surface area) of toluenesulfonamides 
   compared to trifluorotoluenesulfonamides ....................................... 79-80 
 
 4.6.1 The primary line-of-sight C[sat]-F interaction in 9 may be 
   due to attraction between two closer (non-primary) F-F interactions .... 84 
 
 4.6.2 C[unsat]-F interactions form a reciprocating π – F network in 4 ................ 85 
 
 4.7.1 Electrostatic potential surface of Ts- and F3Ts-(S)-1-phenylamine ............. 88 
 
 5.2.1 Cyclization of azamacrocycles via Richman-Atkins conditions  
   and via Mitsunobu conditions by Hovinen and Sillanpää ................... 100 
 
 5.2.2 Mitsunobu reaction towards 3:1, 2:2, or 1:2:1 cyclens .............................. 100 
 
 D-1 Build-up curve showing linearity of NOESY couplings  
   with mix times less than 1 second........................................................ 133 
 
 F-1 Permission for re-use of Cryst. Growth Des. 2019,  
   19(11), 6296-6307................................................................................ 136 
 
 F-2 Cover image from Cryst. Growth Des. 2019, 19(11), 










Macrocycles are an outstanding class of ligands because they lose comparatively 
little entropy upon metal binding compared with linear chelating ligands.  
Azamacrocycles are analogs of crown ethers with nitrogen atoms instead of oxygen 
atoms (Figure 1.1).  They are generally better ligands for most metals than crown ethers 
because (a) the lower electronegativity of nitrogen means that it is a better σ-donor, and 
(b) the additional bond of nitrogen compared to oxygen enables additional 
functionalization on the heteroatom (e.g., Gadoterate, Figure 1.1).  However, the entropic 
cost must essentially be prepaid upfront via the difficulty of synthesis—if macrocycles 
are restricted in entropy, then their synthesis inherently fights against the second law of 
thermodynamics.   
In 1974 Richman and Atkins reported the first high-yielding synthesis of 
azamacrocycles including 1,4,7,10-tetraazacyclododecane (cyclen).1  Prior to this, 
synthesis of azamacrocycles required high dilution or template effects, similarly to crown 
ethers (Figure 1.1).2-4  Cyclen and substituted cyclen ligands have been complexed with 
62 different metals in the literature.5  Such complexes have a variety of applications, but 
many involve important medical therapies or imaging, such as cyclic magnetic resonance 










Figure 1.2  Nomenclature of sulfonyl groups. 
 
 
In Richman and Atkins’s synthesis,1 a diamine is condensed with a diol to yield a 
variety of macrocycles.  For cyclen specifically, diethylene triamine (DETA) is 
functionalized with 4-methylbenzenesulfonyl (tosyl, Ts) chloride.  The sulfonyl group 
protects amines via formation of sulfonamides (Figure 1.2).  The reaction of 
diethanolamine (DEOA) with tosyl chloride protects the center amine and activates the 
outer alcohols; the sulfonate esters (Figure 1.2) are good leaving groups.  The 
deprotonated sulfonamides in (Ts)3DETA displace the sulfonates in the (Ts)3DEOA, 




Figure 1.3  Richman-Atkins cyclization to synthesize cyclen. 
 
 
The impact of this approach is that it forms the 1:1 cyclic product in nearly 
quantitative yield, as opposed to linear oligomers or 2:2 or larger cyclic products.  In 
1975 Shaw proposed this is due to a Thorpe-Ingold effect, hypothesizing that there is an 
“unusually small internal entropy of the open-chain intermediates and therefore the 
unusually small loss on cyclization.”7  He proposed that the bulky tosyl groups restrict 
rotation within the alkyl backbones of the DETA and DEOA cyclic precursors and could 
cause a preferred conformation that is similar to the preferred conformation of the cyclic 
product (Figure 1.4).7  This is analogous to the namesake; in 1915 Beesley, Ingold, and 
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Thorpe8 observed that the presence of a geminal dimethyl group promoted cyclic 
products and proposed that the repulsion of the two methyl groups compressed the 
internal angle, bringing the reactive groups closer together for intramolecular cyclization. 
 




The disadvantage to the traditional Richman-Atkins approach is that the tosyl 
groups require harsh deprotection conditions, typically acidic hydrolysis with 
concentrated sulfuric acid at 100 °C or greater for at least two days or reduction with 
sodium metal.1,9  The functional group intolerance of these conditions dictates that 
substituted cyclens cannot be functionalized prior to cyclization; the cyclen backbone 
must first be cyclized, the tosyl groups then deprotected, and then other groups may be 
added.  However, were there a protecting group that would allow cyclization but that 
could be deprotected with milder conditions, pre-functionalization of the cyclic 
precursors would allow a more efficient synthetic route towards such functionalized 





Figure 1.5  Sulfonyl protecting groups in this work. 
 
 
This project began with a search for alternative protecting groups than tosyl that 
would still function within the Richman-Atkins conditions but enable more facile 
deprotection conditions.  In the work reported herein, alternatives to the tosyl group for 
Richman-Atkins cyclization are discussed and explored; other sulfonyl groups such as 
those shown in Figure 1.5 as well as common commercially available protecting groups 
are considered.  Another primary goal of the work was to identify more efficient routes 
for the synthesis of multifunctional cyclens, focusing on a 3:1 substitution pattern of the 
amines.  All MRI commercial agents in clinical use in the US (>30 million procedures a 
year) are 3:1 substituted cyclens, and this class of ligands has historically been difficult to 
access without extensive “juggling” of protecting groups. 
During the investigation into alternative protecting groups, a wealth of 
crystallographic data was obtained, which then enabled the first proof of a steric Thorpe-
Ingold effect in the Richman-Atkins cyclization, 45 years after the effect was proposed. 
However, further investigations into alternative protecting groups then identified 
cyclization conditions which clearly contradict the Thorpe-Ingold effect, suggesting the 
possibility of a hitherto unknown electronic gauche effect that may promote a constrained 
pool of conformations (i.e., lower entropy loss upon cyclization) when steric effects 
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clearly cannot.  A combination of crystallographic, solution nuclear magnetic resonance 
(NMR) spectroscopic, and computational data was used to probe this potential effect and 
demonstrate this new electronic effect.  This more complete understanding of the 
Richman-Atkins macrocyclization may enable even more rationally guided use of 
protecting groups that could enable more straightforward synthesis, incorporating more 
functional groups, and resulting in improved atom economy, thereby helping 





INVESTIGATION INTO THE IMPORTANCE OF TRADITIONAL 
PROTECTING GROUPS ON RICHMAN-ATKINS PRECURSORS 
 
2.1 Introduction 
Nearly every variable in the scope of Richman-Atkins cyclization has been 
hitherto probed: macrocycle size, arm length, base, and leaving group.1,10,11  However, 
relatively little attention has been given to the protecting group, despite the harsh 
conditions required to deprotect the traditional tosyl groups.  Only one year after 
Fukuyama12 introduced the nosyl group (2- or 4-nitrobenzenesulfonyl), An and Cook13 
utilized it in azamacrocycle synthesis of pyclen derivatives, yet 25 years later it still has 
not gained general use in the synthesis of the basic macrocycles such as cyclen.  Hoye 
and Richman et al.14 proposed the β-trimethylsilylethanesulfonyl group for 
azamacrocycle synthesis, but lack of commercial availability hinders its widespread use. 
The Richman-Atkins cyclization precursors DEOA and DETA were synthesized 
using alternative groups on the amines.  The successes and failures of cyclization with 
these groups allowed the specific properties of the tosyl group which are requisite for 
Richman-Atkins cyclization to be identified. 
2.2 Protection for Diethanolamine Center Amine 
Of the three functional groups in the diethanolamine, the two alcohols must be 
activated into effective leaving groups, while the center amine needs to be protected so 
that it does not react.  The traditional Richman-Atkins DEOA precursor contains a tosyl 
group on each the center amine and the outer alcohols in one step; the tosyl group acts to 
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transform the alcohols into leaving groups (sulfonates) but protects the central nitrogen 
from reacting.  If the protecting group on the nitrogen is not sufficiently electron-
withdrawing, the tertiary amine is nucleophilic enough to undergo intramolecular 
cyclization, displacing one of the tosylate leaving groups from the alcohol and forming an 
aziridinium product (Figure 2.2.1).  This seems to be the case for groups with a Hammett 
parameter lower than about σp = 0.45. 
 
Figure 2.2.1  Aziridinium formation. 
 
 
The tert-butyl carbamate (Boc) group (σp = 0.45),
15 however, displays different 
reactivity.  Following straightforward protection of the central nitrogen with Boc, upon 
conversion of the terminal alcohols to trifluorotosylate leaving groups, the 1H NMR 
spectrum of the unpurified reaction product shows the formation of the desired product, 
(F3Ts)2(Boc)DEOA, with competition from morpholine formation in 1:1 ratio (Figure 
2.2.2).  Attempts to isolate the desired product via either column chromatography (silica, 
dichloromethane/methanol) or aqueous wash seemed to further convert the desired 
product to morpholine, and no purified yield of activated DEOA precursor was obtained.  
Richman-Atkins cyclization was attempted without purification of the DEOA precursor 
from the morpholine by-product by addition of the protected diethylene triamine 
precursor in a one-pot synthesis attempt, but no protected cyclen was obtained, and the 
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(F3Ts)2(Boc)DEOA precursor again decomposed into morpholine (Figure 2.2.2).  
Morpholine formation seems to always be accompanied by deprotection of the Boc 
group, despite excess base used in the reaction and the stability of the Boc group to basic 
conditions. 
 
Figure 2.2.2  Morpholine formation from (F3Ts)2(Boc)DEOA. 
 
 
Such reactivity may also indicate that the Boc group is too bulky to be useful on 
the DEOA precursor.  The Boc group may force the ethanol arms of DEOA too close 
together, such that when one alcohol becomes activated the other alcohol is close enough 
to nucleophically attack and displace that leaving group, which may explain morpholine 
10 
 
formation (Figure 2.2.3).  Similarly, if both alcohols are converted to leaving groups but 
are too close together in space due to the sterics of the Boc group, each may block the 
approach of a nucleophile for the other, thwarting the desired Richman-Atkins cyclization 
and providing more opportunity for decomposition reactions to occur.  The use of 
carbonate base allows formation of water, which may be small enough to displace one of 
the two tosylate leaving groups, reforming an alcohol, which could give rise to 
morpholine formation, as above (Figure 2.2.3). 
 
Figure 2.2.3  (left) Proposed mechanism for morpholine formation. (right) Depiction of steric clashes 
preventing approach of large nucleophiles. 
 
 
Benzenesulfonyl protecting groups (tosyl, trifluorotosyl, nosyl) on the center 
amine of DEOA avoid both aziridinium and morpholine formation.  Benzenesulfonyl has 
a Hammett parameter of σp = 0.68,
15 with that for tosyl expected to be similar and those 
for trifluorotosyl and nosyl expected to be slightly higher due to the electron-withdrawing 
substituents (trifluoromethyl and nitro) in the para position on the ring. 
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2.3 Protection for Diethylene Triamine Terminal Amines 
Richman-Atkins cyclization successfully achieves one of the most often thwarted 
synthetic aspects of amine chemistry, monoalkylation.  In such cases, a protecting group 
must be carefully selected that allows alkylation but prevents overalkylation.  Amines can 
be alkylated in their neutral form, but alkylation increases the nucleophilicity of the 
amine and makes it difficult to stop the process after one reaction.  Therefore, a 
protecting group is commonly used.  Most protecting groups place strongly electron-
withdrawing groups next to the amine and thereby raise the pKa of the amine to lower its 
reactivity.  In those cases, the amine must become deprotonated if it is to be alkylated.  
However, anionic nitrogen atoms are often highly basic, and high basicity can lead to 
elimination products instead of the desired substitution (alkylation), as exemplified in 
Figure 2.3.1.  The deprotonated Boc-protected diethylene triamine (DETA) is a strong 
enough base (pKa similar to ethyl carbamate, 24.2 in DMSO)16 to cause the 
(F3Ts)3DEOA to undergo elimination.  Thus, Boc, despite its ease of deprotection 
compared to tosyl, and most carbamate protecting groups  are not suitable candidates for 
protecting groups on the terminal amines of DETA for Richman-Atkins cyclization. 
 




Richman-Atkins cyclization has been achieved with a protected amine of 
relatively high basicity (trifluoroacetamide (TFA), pKa of 17.2 in DMSO),17 but in this 
case the 2,6-bis(bromomethyl)naphthalene is incapable of elimination (Figure 2.3.2).18  
The low yield the authors achieved for this reaction is not representative of poor 
alkylation reactivity but is likely due to their choice of base; the potassium hydroxide 
they chose is known to deprotect TFA from amines19 – ironically, a stronger but not 
nucleophilic base (such as LDA or tert-butoxide) would probably have resulted in 
increased yields of the desired product. 
 
Figure 2.3.2  Successful cyclization with TFA-protected amines with an electrophile which cannot undergo 
elimination.18 
 
Benzenesulfonamides have lower pKas (16.1 in DMSO)20 than most carbamates 
or amides.  Whether the DETA is first basified before the DEOA moiety is added, as in 
the original synthesis by Richman and Atkins (Figure 2.3.3),1 or if the two are simply 
combined in the presence of carbonate base, as is current common practice,11 the 




Figure 2.3.3  Cyclization of (Ts)4Cyclen originally reported by Richman and Atkins.1 
 
Achieving alkylation while avoiding elimination is one of two major 
considerations; the other is avoiding over-alkylation in the form of quaternary ammonium 
products.  The protecting group must be sufficiently electron-withdrawing to prevent the 
(desired) tertiary amine from being nucleophilic enough to react with another equivalent 
of electrophile.  The reaction of piperazine with (F3Ts)3DEOA exemplifies this problem, 
with the secondary amine reacting twice to form the spiro product (Figure 2.3.4). 
 





2.4 Protection for Diethylene Triamine Center Amine 
Benzenesulfonyl protecting groups 
According to Shaw, what distinguishes Richman-Atkins cyclization from “the 
great majority of cases where cyclization is not preferred is the unusually small internal 
entropy of the open-chain intermediates and therefore the unusually small loss on 
cyclization.”7  Shaw suggests that the bulky tosyl groups restrict rotation around the alkyl 
backbone of the DETA and DEOA cyclic precursors and therefore the conformations of 
the precursors are curved, similar to that of the cyclized product.7  This hypothesis was 
put forward only one year after Richman and Atkins published their successful 
cyclization, and yet in the intervening 45 years no experimental evidence has been put 
forward to prove or refute this, until the present work. 
Crystal structures of (Ts)3DETA and (Ts)3DEOA were pulled from the 
literature9,21,22 and are reproduced in Figure 2.4.1.  The alkyl backbone for each is, as 
Shaw predicted, curved.  The deviation from linearity for the central C-C-N-C-C 
fragment can be measured via comparison to linear n-pentane.  The crystal structures 
were overlaid with the crystal structure of n-pentane21,23 and the differences were 
quantified by calculation of the root-mean-square deviation (RMSD), which sums the 
magnitude of the separations for each pair of overlaid atoms.  A perfect overlay would 
have an RMSD of zero.  When overlaid with n-pentane, the C-C-N-C-C alkyl backbone 
of (Ts)3DETA has an RMSD of 0.672 Å, and that of (Ts)3DEOA has an RMSD of 0.806 








(Ts)3DETA overlay (Ts)4Cyclen (Ts)3DEOA overlay (Ts)4Cyclen 
  
  
Figure 2.4.1  Crystal structures and overlays of (Ts)3DETA, (Ts)3DEOA, and (Ts)4Cyclen. 
 
Next the second half of Shaw’s hypothesis was tested: whether the curvature of 
the precursors is similar to that of the cyclic product.  The crystal structures of 
(Ts)3DETA and (Ts)3DEOA were each overlaid with that of (Ts)4Cyclen,
24 comparing 
the C-C-N-C-C alkyl backbone of the precursor to that of the cyclic product.  Since 
DETA and DEOA react 1:1 to create the cyclen product, they must overlay in pairs, such 
that the DETA overlays on half of the cyclen and the DEOA on the other half – they 
cannot overlap.  One aspect of ambiguity in this case is that for (Ts)4Cyclen there is no 
indication as to which tosyl groups come from which starting material, the (Ts)3DETA or 
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the (Ts)3DEOA.  Three of the N-Ts groups and the ethyl groups linking them must come 
from the DETA precursor, and one of the N-Ts groups with the ethyl groups flanking it 
must come from the DEOA precursor, but since all of the nitrogen atoms, ethyl groups, 
and tosyl groups are identical in the final cyclen product, the knowledge of what came 
from which precursor is lost.  The four possibilities are exemplified in Figure 2.4.2, with 
the tosyl groups labeled a, b, c, and d, with the DETA and DEOA components overlaying 
different portions of the cyclen, as marked. 
 
 
Figure 2.4.2  Difficulty tracking precursor contribution to (Ts)4Cyclen.  (Ts)3DETA accounts for the 
(orange) TscN-Et-TsaN-Et-TsbN portion of cyclen (far left), the (green) TsaN-Et-TsbN-Et-TsdN portion of 
cyclen (center left), the (pink) TsbN-Et-TsdN-Et-TscN portion of cyclen (center right), and the (purple) 
TsaN-Et-TscN-Et-TsdN portion of cyclen (far right), with (Ts)3DEOA accounting for the remaining portion 
of cyclen in each case. 
 
The crystal structure of (Ts)4Cyclen contains two unique molecules in the 
asymmetric unit so each of the four possible overlay patterns were performed on each 
molecule.  A two-fold rotation axis bisects each of the unique (Ts)4Cyclen molecules, and 
this symmetry is reflected in the RMSD values (Figure 2.4.3).  The best set of RMSD 
values occurs on (Ts)4Cyclen “molecule 1” by either of the combinations when 
(Ts)3DETA overlays with an RMSD of 0.0957 Å and (Ts)3DEOA overlays with an 
RMSD of 0.242 Å.  On “molecule 2,” this pairing is only slightly worse, with (Ts)3DETA 
at 0.114 Å and (Ts)3DEOA at 0.236 Å.  However even the worst overlays still give 
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RMSD values 3 – 4 times better than the poor overlays of (Ts)3DETA and (Ts)3DEOA 
with n-pentane. 
 
Figure 2.4.3  RMSDs of (Ts)3DETA and (Ts)3DEOA overlaid with n-pentane (blue) and (Ts)4Cyclen. 
 
Overlays were performed for a similar system with 4-trifluoromethyl-
benzenesulfonyl (trifluorotosyl, F3Ts).  The crystal structure of (F3Ts)3DEOA contains 
two unique molecules in the asymmetric unit and each was included in the overlays.  The 
(F3Ts)3DETA and (F3Ts)3DEOA cyclic precursors again exhibit curvature of the C-C-N-
C-C alkyl backbones (Figure 2.4.4).  When overlaid against n-pentane, the alkyl 
backbone of (F3Ts)3DETA has an RMSD of 0.812 Å, and the two unique molecules of 
(F3Ts)3DEOA have RMSDs of 0.660 Å and 0.796 Å, indicating a poor match to the linear 



































(Ts)4Cyclen “molecule 1” (Ts)4Cyclen “molecule 2” 
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(F3Ts)3DETA (F3Ts)3DEOA (F3Ts)4Cyclen 
  
 
(F3Ts)3DETA overlay (F3Ts)4Cyclen (F3Ts)3DEOA overlay (F3Ts)4Cyclen 
  
  
Figure 2.4.4  Crystal structures and overlays of (F3Ts)3DETA, (F3Ts)3DEOA, and (F3Ts)4Cyclen. 
 
The trifluorotosyl system has the same ambiguity as to which groups came from 
which precursors, the protected DETA or the DEOA, so RMSDs for each set of 
possibilities were obtained.  The best set of RMSD values occurs when (F3Ts)3DETA 
overlays with an RMSD of 0.473 Å and (F3Ts)3DEOA “molecule 1” overlays with an 
RMSD of 0.121 Å (Figure 2.4.5).  However, most of the RMSDs are much higher than 
those for the tosyl system, even approaching the magnitudes of the RMSDs compared to 
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n-pentane.  The influence of intermolecular attractions in the solid state probably has a 
greater effect on the trifluorotosyl system than the tosyl system; it has been shown that 
the F3Ts group forms disproportionately more intermolecular interactions involving 
fluorine, in both number and surface area, than would be expected based upon a survey of 
fluorinated crystal structures in the Cambridge Structural Database25 and molecular 
surface area considerations (Chapter 4).26  The plethora of intermolecular interactions 
involving fluorine in the solid state may influence the (F3Ts)3DETA, (F3Ts)3DEOA, and 
(F3Ts)4Cyclen conformations, competing with steric effects. 
 




































To resolve the ambiguity of which groups in the cyclen products come from 
which groups on the DETA and DEOA precursors, 3:1-protected systems were 
synthesized.  From the combination of (Ts)3DETA and (F3Ts)3DEOA, (Ts)3(F3Ts)Cyclen 
was cyclized.24  Likewise, from (Ts)3DETA and (F3Ts)2(Ns)DEOA, (Ts)3(Ns)Cyclen was 
synthesized.  Unfortunately, the crystal structures for both exhibit rotational disorder.  
Every protecting group site in (Ts)3(F3Ts)Cyclen is occupied 75% by Ts and 25% by 
F3Ts, and similar is the case for (Ts)3(Ns)Cyclen.  The difference between the Ts and 
F3Ts or Ns groups – all 4-substituted benzenesulfonyls – is insufficient to affect the 
packing, so comparison between the structures of the cyclic precursors to the cyclen 
products would again have four sets of options. 
Other groups 
Instead of a benzenesulfonyl protecting group, other groups were put on the 
center amine of diethylene triamine, and Richman-Atkins cyclization was attempted.  
Instead of tosyl groups on the outer amines, 4-nitrobenzenesulfonyl (nosyl) groups were 
used, since it was discovered that one equivalent of nosyl chloride reacts with one 
equivalent of diethylene triamine to produce 50% bis-protected (on the outer amines) 
(Ns)2(H)DETA (with 50% unreacted diethylene triamine) that is easily separated as the 
precipitation of (Ns)2(H)DETA*HCl.
27 
(Ns)2(Boc)DETA was cyclized with (F3Ts)2(Ns)DEOA to produce 
(Ns)3(Boc)Cyclen.  The reaction was not as clean as with the traditional Richman-Atkins 
precursors, and an extra purification step of column chromatography had to be 
performed, resulting in a 54% yield.  However, the Boc group is different enough from 
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the nosyl groups to avoid the problem of rotational disorder in the crystal structure that 
was observed with 3:1-protected cyclens when the different protecting group is also a 
benzenesulfonyl. 
(Ns)2(Boc)DETA (F3Ts)2(Ns)DEOA (Ns)3(Boc)Cyclen 
 
  






Figure 2.4.6  Crystal structures and overlays of (Ns)2(Boc)DETA, (F3Ts)2(Ns)DEOA, and 
(Ns)3(Boc)Cyclen. 
 
The cyclic precursors were overlaid with n-pentane and show curvature, with 
RMSDs of 0.703 Å for (Ns)2(Boc)DETA and 0.792 Å for (F3Ts)2(Ns)DEOA (Figure 
2.4.7, blue).  Whereas the tris(benzenesulfonyl)-protected DETAs and DEOAs show “U-
shaped” or half-circular C-C-N-C-C backbones, for (Ns)2(Boc)DETA the outer carbon 
atoms point opposite each other compared to the inner C-N-C plane (Figure 2.4.6).  This 
22 
 
leads to high RMSD values, 0.703 Å and 0.716 Å, when overlaid with the two unique 
molecules in the asymmetric unit of (Ns)3(Boc)Cyclen; in fact, the (Ns)2(Boc)DETA 
overlays equally poorly with the cyclen product as with n-pentane (Figure 2.4.7). 
 
Figure 2.4.7  RMSDs of (Ns)2(Boc)DETA and (F3Ts)2(Ns)DEOA overlaid with n-pentane (blue) and 
(Ns)3(Boc)Cyclen. 
 
With a smaller group on the center nitrogen atom, (Ns)2(formyl)DETA actually 
gives a higher RMSD (0.840 Å, Figure 2.4.9) compared to linear n-pentane, though its 
conformation, similar to (Ns)2(Boc)DETA, also has the outer carbons pointed in 
opposing directions outward from the plane of the inner C-N-C backbone (Figure 2.4.8).  
The RMSDs compared to (Ns)3(formyl)Cyclen are 0.589 Å and 0.611 Å (Figure 2.4.9), 
which are lower than the RMSDs of (Ns)2(Boc)DETA overlaid with (Ns)3(Boc)Cyclen.  
That the formyl group gives higher RMSDs compared to n-pentane and lower RMSDs 
compared to the cyclen product than the Boc would indicate that the formyl group gives 




























it seems to imply that the smaller formyl group has a greater steric effect than the larger 
Boc group (or it could just be a consequence of crystal packing forces in this particular 
instance).  On the other hand, it also potentially suggests that there is more than sterics 
affecting the system. 
















Figure 2.4.9  RMSDs of (Ns)2(formyl)DETA and (F3Ts)2(Ns)DEOA overlaid with n-pentane (blue) and 
(Ns)3(formyl)Cyclen. 
 
In the absence of a large group on the central nitrogen of the DETA precursor, 
steric effects (lack thereof) would predict a linear conformation, and the C-C-N-C-C 
alkyl backbone of (Ns)2(H)DETA*HCl (Figure 2.4.10) is nearly perfectly linear, 
overlaying with n-pentane with an RMSD of only 0.0609 Å.  Shaw’s hypothesis that the 
Thorpe-Ingold effect drives Richman-Atkins cyclization would predict that this would 
not be likely to cyclize; however, under Richman-Atkins conditions, (Ns)2(H)DETA*HCl 
reacts with (F3Ts)2(Ns)DEOA to yield the cyclic product, (Ns)3(H)Cyclen.  The linearity 
of the (Ns)2(H)DETA*HCl does match the conformation of the cyclen product very well, 









































Figure 2.4.10  Crystal structures and overlays of (Ns)2(H)DETA*HCl, (F3Ts)2(Ns)DEOA, and 
(Ns)3(H)Cyclen. 
 
The RMSD of (F3Ts)2(Ns)DEOA overlaid with (Ns)3(H)Cyclen is worse than for 
other 3:1 cyclen overlays at 0.852 Å (Figure 2.4.11).  As Figure 2.4.10 shows, the 
linearity of the C-C-N(H)-C-C portion of (Ns)3(H)Cyclen requires a wider C-C-N(Ns)-C-
C portion – whereas the alkyl backbone of (F3Ts)2(Ns)DEOA is semi-circular, 
(Ns)3(H)Cyclen is an ellipse rather than a circle.  The (F3Ts)2(Ns)DEOA must splay 




Figure 2.4.11  RMSDs of (Ns)2(H)DETA*HCl and (F3Ts)2(Ns)DEOA overlaid with n-pentane (blue) and 
(Ns)3(H)Cyclen. 
 
Shaw’s hypothesis concerning Richman-Atkins cyclization is two-fold, that the 
conformation of the cyclic precursors matches that of the cyclen product, and that the 
conformation of the cyclic precursors is curved due to the Thorpe-Ingold effect.  The 
crystal structures of (Ts)3DETA, (Ts)3DEOA, (F3Ts)3DETA, (F3Ts)3DEOA, 
(F3Ts)2(Ns)DEOA, having curved alkyl backbones and, in most cases, low RMSDs 
compared to the cyclen products, support both of these aspects.  The crystal structure of 
(Ns)2(H)DETA*HCl, having a linear C-C-N-C-C alkyl backbone, matches the cyclen 
product with the lowest RMSD of any precursor/cyclen pair studied.  This indicates that 
the curvature of the alkyl backbone is not a prerequisite for Richman-Atkins cyclization, 
or at least that both precursors do not need to be curved. 
The yields of 3:1 cyclens with a non-benzenesulfonyl protecting group tend to be 
lower than cyclens with four benzenesulfonyl protecting groups (Table 2.4.1).  Crude 1H 























cyclic product and therefore additional purification, besides simply precipitating the 
desired cyclen into water, is often necessary, via either column chromatography or 
additional precipitations.  (Ns)3(Boc)Cyclen and (Ns)3(formyl)Cyclen, which were both 
purified via column chromatography, show nearly identical yields despite the difference 
in steric bulk of the different protecting group.  This indicates that there is no steric 
requirement for the group on the center amine of the DETA precursor. 
Table 2.4.1  Yields of 3:1 Cyclization. 
DETA + DEOA → Cyclen Yield 
(Ns)3DETA + (F3Ts)2(Ns)DEOA → (Ns)4Cyclen 64.9% 
(Ns)2(Boc)DETA + (F3Ts)2(Ns)DEOA → (Ns)3(Boc)Cyclen 54.7% 
(Ns)2(formyl)DETA + (F3Ts)2(Ns)DEOA → (Ns)3(formyl)Cyclen 54.17% 
 
2.5 Gauche Effect 
There is no substituent that is smaller than hydrogen.  In the crystal structure of 
(Ns)2(H)DETA*HCl the C-C-N-C-C alkyl backbone is almost perfectly linear, consistent 
with the minimal sterics (solution data from quantitative NOESY is pending).  Yet this 
moiety still cyclizes (it is uncertain whether the central N' remains protonated during the 
cyclization) in Richman-Atkins cyclization, thereby disproving the need for a steric effect 
coming from the group on the center amine.  However, the overall molecule shows some 
curvature, and this arises because each N-C-C-N “arm” exhibits a gauche conformation 
(60° dihedral angle), rather than anti (180° dihedral angle, Figure 2.5.1).  1,2-Di-
substituted ethylene groups typically adopt the anti conformation due to steric repulsion 
of the two groups, but strongly electron-withdrawing groups, such as fluorine atoms, 
exhibit a gauche conformation.  This is referred to as the “Fluorine Gauche Effect,” 
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though other groups such as esters, amides, cationic nitrogen, and sulfur-based functional 
groups also display the effect.28-31  It is typically attributed to hyperconjugation, the 
donation of electron density from a σ orbital into an empty antiperiplanar orbital where 





Figure 2.5.1  Crystal structure of (Ns)2(H)DETA*HCl showing gauche N-C-C-N “arms” 
(R = CH2CH2NHNs). 
 
 
To evaluate the impact of replacing a sulfonamide moiety with a hydrogen atom, 
energy optimizations were performed on the original Richman-Atkins precursors, 
(Ts)3DETA and (Ts)3DEOA, as well as on (Ms)2(H)DETA and (Ms)2(H)DEOA (Ms = 
methanesulfonyl).  The Ms group was substituted for Ts since it has similar electronic 
characteristics but fewer atoms (CH3 instead of PhCH3) and thus a lesser computational 
expense.  The center amine was left unsubstituted rather than as the protonated 
quaternary ammonium to ascertain whether any electronic effect was due to the 
sulfonamide or sulfonate groups, and not due to a positively charged amine.  In each of 
the four systems, the conformation having both arms gauche was lower in energy than 



















Figure 2.5.2  Energies of bis(anti) conformations (right) relative to bis(gauche) conformations (left) of 
DETAs and DEOAs, optimized with Gaussian09 Revision B.01 at the M062X/6-311g+(d,p) level. 
 
 
To determine whether hyperconjugation leads to the computationally observed 
gauche effect, Natural Bond Order (NBO) analysis was performed on the optimized 
bis(gauche) and bis(anti) conformations, and the hyperconjugative stabilization energies 
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arising from the conformation of the N-C-C-N arms were summed (Table 2.5.1, 
Appendix B).  For the two DEOA systems, the stabilization for the bis(gauche) 
conformation arising from hyperconjugation is almost exactly equal to the overall 
bis(gauche) preference.  For the two DETA systems, while the hyperconjugative 
interactions did stabilize the bis(gauche) conformation over the bis(anti), this preference 
was not equal in magnitude to the overall stabilization.  The DETA systems have more 
labile hydrogen atoms arising from the outer amines, and differences in intramolecular 
hydrogen bonding motifs may affect the optimized energies.  The (Ts)3DETA system 
also has differences in pi-stacking motifs which could also affect the optimized energies.  
It remains to be seen whether hydrogen bonding, π-stacking, or other interactions are 
obscuring the relationship between hyperconjugation and the gauche effect in the DETA 
molecules, but there does exist very high correlation for the two in DEOA. 
 
Table 2.5.1  Optimized and hyperconjugative stabilization energies (Gaussian09 Revision B.01, NBO 















(Ms)2(H)DETA down/down down/down 7.26 1.97 
(Ms)2(H)DEOA down/down down/down 9.24 9.62 
(Ts)3DETA up/down up/down 4.36 10.67 
(Ts)3DEOA up/up up/up 9.39 9.14 
 
 
Another conformational factor besides the N-C-C-N dihedral angle is the R-N-C-
C dihedral angle, where R is the substituent on the central amine.  Conformations in 
which the R-N-C-C dihedral angle is greater than 90° and less than 90° are herein 
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referred to as “up” and “down,” respectively.  Taking into account that each arm may be 
up or down, anti or gauche, and that gauche arms may be rotated in either of two 
directions gives rise to a possible 17 different conformations of the DETA backbone, as 
depicted in Figure 2.5.3. 
A thorough study of how the nature of the substituents on the amines can affect 
the conformation of the DETA backbone was attempted.  Three systems were probed: 
(Me)5DETA, (Ms)2(Me)3DETA, and (Ms)3(Me)2DETA.  The (Me)5DETA was chosen to 
model the native conformation of DETA, but the methyl groups replace the labile 
hydrogen atoms off of the amines, so that intramolecular hydrogen bonding does not 
dominate the conformation.  The (Ms)2(Me)3DETA installs electron-withdrawing 
methanesulfonyl protecting groups on the outer amines but keeps a small, electron-
donating methyl group on the center amine.  The (Ms)3(Me)2DETA replaces the center 
methyl group with a methanesulfonyl protecting group.  The previous study (Table 2.5.1) 
would predict that gauche arms would be energetically preferred, as opposed to anti 
arms, regardless of whether the center amine is sulfonated or not, but the sulfonyl on the 
center amine may enhance the gauche effect.  Also, the sulfonyl is sterically bulkier than 
the methyl group and may impact whether the arms adopt the up or down conformation.  
For each system, inputs approximating each of the 17 target conformations were 
computationally optimized.  Some of the target conformations were not achieved because 
they optimized into another conformation, which led to some conformations having 
duplicates.  The duplicates were kept in the study if they had dihedral angles different by 
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2° or more; this could lead to differences in optimized energies from 0.2 – 5 kcal/mol 
(see Appendix C).   
 
Figure 2.5.3  Possible conformations of the DETA backbone. 
 
The relative energies, conformational details, and overall curvature (as measured 
by the distance between the outer carbon atoms in the C-C-N-C-C backbone, Figure 
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2.5.4) were plotted (Figure 2.5.5).  The data points are presented in duplicate, with the 
left graph highlighting the gauche/anti conformation and the right graph highlighting the 
up/down conformation.  The (Me)5DETA shows the smallest spread of energies, with 
increasing Ms substitution increasing the range of energies.  Surprisingly, based on the 
earlier study, none of the systems showed any correlation between energy, curvature, and 
gauche/anti conformation, although the (Ms)3(Me)2DETA system did show the 
gauche/gauche conformation as the lowest in energy. 
 
Figure 2.5.4  Curvature of DETA systems as measured by outer carbon distances (denoted in red). 
 
The (Me)5DETA and (Ms)2(Me)3DETA systems showed correlation between 
up/down conformation and curvature in that the up/up conformations have the highest 
curvature (lowest outer C-C distance) and down/down conformations have the lowest 
curvature (highest outer C-C distance).  The (Ms)3(Me)2DETA system generally follows 
this trend, but with up/down conformations spread over the range of distances.  These 
correlations, however, are expected as they are inherent to the respective conformations.  
The (Me)5DETA and (Ms)2(Me)3DETA systems, with one exception, show that the up/up 
conformations are the highest in energy, while the (Ms)3(Me)2DETA system shows the 
up/up conformations are the lowest in energy.  This is likely a result of the steric effect, 
and reinforces that the Thorpe-Ingold effect induces curvature in the DETA and DEOA 






























Outer C-C distance, Å






















Outer C-C distance, Å






















Outer C-C distance, Å






















Outer C-C distance, Å





Figure 2.5.5  Energy and curvature by conformation of (Me)5DETA (top), (Ms)2(Me)3DETA (middle), and 
(Ms)3(Me)2DETA (bottom) systems, optimized with Gaussian09 Revision B.01 at the B3LYP/6-311g+(d,p) 
level. 
 
In comparing the computational conformation studies to the experimental crystal 
structures (Table 2.5.2), there is good agreement for systems in which the substituent on 
the center amine is not a benzenesulfonyl group.  These structures all crystallize in 
gauche/gauche conformations.  For structures that do have a benzenesulfonyl group in 
the center, three crystallize in the anti-up/anti-up conformation, which was never 
achieved computationally because it is not a local energy minimum.  The rest of the 
structures crystallize as anti-up/gauche-up, both conformations of which are amongst the 
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Table 2.5.2 DETA and DEOA crystal structure conformations. 
Crystal Structure Conformation 
(F3Ts)3DETA anti-up/anti-up 
(Ns)3DETA anti-up/anti-up 
(Ts)3DETA anti-up/gauche-up (sym) 
(Ns)2(Boc)DETA gauche-down/gauche-down (opp) 
(Ns)2(formyl)DETA gauche-up/gauche-up (sym) 
(Ns)2(H)DETA*HCl gauche-down/gauche-down (sym) 
(Ns)2(H)DETA molecule 1 gauche-down/gauche-down (opp) 
(Ns)2(H)DETA molecule 2 gauche-down/gauche-down (opp) 
(Ts)3DEOA anti-up/anti-up 
(F3Ts)2(Ns)DEOA anti-up/gauche-up (opp) 
(F3Ts)3DEOA molecule 1 anti-up/gauche-up (sym) 
(F3Ts)3DEOA molecule 2 anti-up/gauche-up (opp) 
 
2.6 Solution-state Curvature 
The crystal structures of traditional Richman-Atkins cyclization precursors 
display curvature of the alkyl backbone, but of course the solid-state conformation of a 
molecule may be influenced, sometimes heavily so, by intermolecular interactions which 
do not occur when the molecule is solvated.  Since the cyclization reaction occurs in 
solution, the solution-state conformation is the most relevant.  Solution-state interatomic 
distances, in rigid molecules, can be quantified using nuclear Overhauser effect 
spectroscopy (NOESY), an NMR spectroscopic technique by which the proton signal of 
interest is irradiated and the signals from nearby protons are detected.  Using an internal 
standard whose interatomic distances are known, the ratio of signal strengths can be used 







 where 𝑟𝑖𝑗 is the interatomic distance between protons of interest i and j, 
𝑟𝑟𝑒𝑓 is the reference interatomic distance, 𝜂𝑟𝑒𝑓 is the integration of the reference NOESY 
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signal, and 𝜂𝑖𝑗 is the integration of the NOESY signal of interest.
32  Though Richman-
Atkins precursors do not meet the criteria of a “rigid molecule,” three scenarios were 
envisioned as resulting from a NOESY study of a substituted DETA system: 
(1) The alkyl backbone is “too non-rigid” and regardless of the size of the 
substituent on the center amine, NOESY couplings of the same intensity are 
detected for each attempt, indicating the calculated distance is simply the 
interatomic distance averaged over all of the possible conformations. 
(2) The conformation of the DETA system is dominated by intramolecular 
hydrogen bonding, holding the alkyl backbone in a similar conformation 
regardless of the size of the substituent on the center nitrogen (Figure 2.6.1), 
and NOESY couplings of the same intensity are detected for each attempt. 
 
Figure 2.6.1  Depiction of intramolecular hydrogen bonding that could induce curvature of the alkyl 
backbone in DETA systems. 
 
(3) The Thorpe-Ingold effect dominates the conformation of DETAs, resulting in 
more curvature of the alkyl backbone with increasing steric bulk of the 
substituent on the center amine.  The interatomic distances between the outer 
CH2 groups would therefore be calculated as smaller for bulky substituents 




Figure 2.6.2  Substituted DETAs for the NOESY study. 
 
A series of DETAs with different substituents on the center amine (Figure 2.6.2) 
was therefore devised.  However, if both of the protecting groups on the outer amines are 
the same (both nosyl or both tosyl groups) then the resulting symmetry of the system will 
thwart NOESY because the CH2 groups of interest will give rise to only one proton 
signal.  The DETA system was therefore desymmetrized by installing a nosyl group on 
one outer amine and a tosyl group on the other outer amine (Figure 2.6.3); the nosyl 
group is sufficiently more electron-withdrawing than the tosyl group to distinguish the 




Figure 2.6.3  Synthesis of (Ns)(F3Ts)(Ts)DETA. 
 
The NOESY spectrum is shown in Figure 2.6.4.  An NOE build-up curve was 
generated to ensure the NOE interactions followed a linear response with mix time 
(Appendix B).  The signals corresponding to CH2 “k” (the outer CH2 nearest the tosyl 
group) and CH3 “g” (the para-methyl on the tosyl group) were irradiated.  For the CH2 
“k,” NOESY couplings to NH “m” and tosyl ortho-CH “f” were observed; these are three 
and six bonds away and are expected to be near enough in space to give NOESY 
couplings.  Also observed was the desired coupling to CH2 “h,” the outer CH2 nearest the 
nosyl group!  When tosyl CH3 “g” was irradiated, a strong coupling to meta-CH “e” and 




Figure 2.6.4  NOESY spectrum of (Ns)(F3Ts)(Ts)DETA, 0.116 M in D6-acetone.  (Top/Green) 1H NMR 
spectrum. (Middle/Red) Irradiation of CH2 “k.” (Bottom/Blue) Irradiation of tosyl CH3 “g.” 
 
The distances from tosyl para-CH3 “g” to meta-CH “e” and ortho-CH “f” were 
used as the internal reference.  These distances were calculated from crystal structure and 
computational geometry optimizations and were averaged over the three tosyl groups on 
both (Ts)3DETA and (Ts)3DEOA (Table 2.6.1 and Appendix B).  In Table 2.6.1, ortho, 




Table 2.6.1  Reference interatomic distances for NOESY. 
Crystallographic Computational (B3LYP/6-311G+(d,p)) 


























The NOESY interactions were measured via integration of the antiphase peaks; 
the integration of the irradiated peak was calibrated to -1000 (Figure 2.6.5).  These 
integrations and the four reference distances were used to calculate the average 
interatomic distance between the outer CH2 groups in the alkyl backbone, “h” and “k,” to 





Figure 2.6.5  Integration of NOESY couplings. 
 
While the NOESY data cannot indicate the exact conformational preference, and 
in solution it is likely the molecule is transforming between conformations, it is 
interesting to compare this calculated outer CH2 to outer CH2 distance from the NOESY 
study to distances from crystal structures and from computational optimizations (Table 
2.6.2).  This comparison shows that the farthest outer CH2 – outer CH2 distance the 
DETA backbone could be expected to have is about 5 Å.  That the (Ns)(F3Ts)(Ts)DETA 




Table 2.6.2  Interatomic distances involving the outer CH2 groups by conformation of the DETA 
backbone. 
Crystallographic Computational (B3LYP/6-311G+(d,p)) 













































 mol 1 
(Ts)3DEOA 
(F3Ts)3DEOA 
 mol 2 






















    
(Ns)2(H)DETA 












    





5.006 4.867     (Ms)2(H)DEOA 
        











Taken alone, this NOESY data does not preclude the possibility of scenarios (1) 
and (2), in which NOESY distances are not dependent upon the steric bulk of the 
substituent on the central amine of the DETA.  Data for the additional functional groups 
proposed must be collected for comparison and will be in the immediate future. 
 
2.7 Conclusions and Future Directions 
During the synthetic, crystallographic, and computational study, the properties 
that allow the traditional tosyl group to successfully achieve Richman-Atkins cyclization 
were identified.  These properties are dependent upon where the benzenesulfonyl 
protecting group is installed on the cyclization precursors.  Alternative protecting groups 
may yield successful Richman-Atkins cyclization if they satisfy those properties, 
summarized as follows: 
DEOA center amine:  The group on the center amine of DEOA must be 
sufficiently electron-withdrawing to avoid, upon conversion of the alcohol 
groups to leaving groups, intramolecular alkylation resulting in an 
aziridinium product.  Tosyl groups, having a Hammet parameter of about 
σp = 0.68, and Boc groups, having a Hammet parameter of σp = 0.45,
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avoid this problem, indicating successful Richman-Atkins cyclization may 
be achieved with groups of σp = 0.45 and higher.  However, Boc displayed 




DETA outer amines:  The pKa of the protected amine must be 
sufficiently low to avoid, upon deprotonation requisite for alkylation, 
causing base-induced elimination of the activated DEOA instead.  The low 
pKa of sulfonamides (16.1 in DMSO)20, compared to common amine 
protecting groups such as carbamates and amides, satisfies this 
requirement.  Further, the protecting groups on the outer amines of DETA 
must be sufficiently electron-withdrawing to prevent over-alkylation 
resulting in a quaternary amine.  Since this is analogous to the unwanted 
aziridinium formation that occurs in substituted DEOAs, a similar 
benchmark of the protecting group having a Hammett parameter of σp = 
0.45 or higher is likely applicable. 
DETA center amine:  Crystallographic overlays, computational geometry 
optimizations, and the preliminary quantitative NOESY support the 
hypothesis that the benzenesulfonyl protecting groups on the center amine 
(of both DETA and DEOA) exert a Thorpe-Ingold steric effect, resulting 
in curvature of the alkyl backbone which closely resembles that in the 
cyclen product.  However, the best overlay was that of 
(Ns)2(H)DETA*HCl with (Ns)3(H)cyclen; since (Ns)2(H)DETA*HCl 
showed a linear alkyl backbone rather than curved and hydrogen atoms are 
not expected to exert a steric effect, this indicates that a steric effect on the 
center amine of DETA may not be necessary for successful cyclization.  It 
may be the case that, between the DEOA and the DETA, only one of the 
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two precursors needs curvature in order to achieve cyclization, in which 
case if the DEOA precursor has a large group on the center amine then 
there would be no restrictions as to the substituent on the center amine of 
the DETA precursor. 
The crystal structure of (Ns)2(H)DETA*HCl showed both N-C-C-N “arms” (i.e., 
the N-C-C-N' moiety and the N'-C-C-N'' moiety) of the backbone adopt a gauche, rather 
than the expected anti, conformation, which imparts some curvature to the otherwise 
linear backbone.  Computational optimizations of Richman-Atkins precursors show that 
the bis(gauche) is lower in energy than the bis(anti) conformation.  NBO analysis 
quantified the stabilizing effect of hyperconjugation arising from this difference in 
backbone conformations, which for all of the four systems was more stabilizing for the 
bis(gauche) conformation, and for two of the systems was equal in magnitude to the 
overall gauche preference. 
A computational collaboration has been set up in order to probe this gauche 
preference further.  Potential energy surfaces will be analyzed via Interacting Quantum 
Atoms (IQA) and Relative Energy Gradient (REG) methods to compare the effects of 
hyperconjugation, electrostatic polarization, and sterics on the lowest energy 
conformations of Richman-Atkins precursors.  Thacker and Popelier33 have used these 
methods to challenge the commonly-held explanation that hyperconjugation is 
responsible for the fluorine gauche effect in 1,2-difluoroethane, finding that 1,3-C…F 
electrostatic polarization is seven times more stabilizing of the gauche conformation than 
hyperconjugation.  Since sulfonyl groups are particularly electron-withdrawing (the 
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group electronegativity of several sulfonates have been calculated as 3.85 or higher on 
the Allred-corrected Pauling electronegativity scale)34, a similar study examining the 
observed gauche effect in sulfonamides is warranted. 
A more complete NOESY study is also planned to confirm the solution-state 
conformation of precursors to 3:1 substituted cyclens.  Of primary importance is the 
study of (Ns)(H)(Ts)DETA and (Ns)(H)(Ts)DETA*HCl.  While NOESY will not indicate 
a gauche or anti conformation, it can confirm whether the linearity of the C-C-N-C-C 
alkyl backbone observed in the crystal structure is maintained in solution.  Also planned 
are DETAs with varying size groups on the center amine: 2,4,6-
triisopropylbenzenesulfonyl, methanesulfonyl (Ms), Boc, formyl, and methyl (Figure 
2.6.2).  Quantitative NOESY of this series of molecules could further confirm the 
Thorpe-Ingold effect of large groups inducing curvature of the alkyl backbone, and the 
lack of curvature induced by small groups which still allow Richman-Atkins cyclization 






INVESTIGATION INTO THE EFFICIENT SYNTHESIS OF 
3:1 SUBSTITUTED CYCLENS 
 
3.1 Introduction to 3:1 Cyclens 
Unsubstituted cyclen is a widely-used ligand, binding to 34 different metals.  
However, addition of substituents off of the amines expands cyclen-based ligands to 
binding an additional 28 metals.5  Substituting acetate groups off of all four amines 
created the first cyclic gadolinium MRI contrast agent, gadoterate, but subsequent 
generations of MRI contrast agents rely on a 3:1 substitution pattern, three acetate groups 
and one different group (Figure 3.1.1).  Other medicinally-relevant substituted cyclens 
also follow this 3:1 substitution pattern, with three acetate groups which bind a metal and 
one different group such as drug delivery moieties, imaging tags, antibodies, and 
sugars.35-38 
 
Figure 3.1.1  First-generation cyclic MRI contrast agent (Gadoterate) and second-generation 3:1 cyclic 
MRI contrast agents. 
 
The synthesis of such 3:1 substituted cyclens typically attempts to differentiate 
one amine only after synthesizing the cyclen via traditional Richman-Atkins cyclization 
(Figure 3.1.2).  This route is often low yielding due to the multi-step approach and the 
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purification of H3(PG)1Cyclen away from unreacted H4Cyclen, di-, and tri-protected 
cyclen by-products. 
 
Figure 3.1.2  Traditional route to 3:1 protected cyclen (PG = protecting group). 
 
The major disadvantage to this route is that the protecting group “juggling” is 
inefficient; the tosyl groups utilized to achieve cyclization have no differentiation and so 
another round of protecting groups must be used.  If different protecting groups could be 
used prior to cyclization, it would eliminate the need for such “juggling.”  These 
protecting groups would need to satisfy the properties identified as necessary for 
successful Richman-Atkins cyclization in Chapter 2. 
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There are two routes by which a different protecting group could be installed prior 
to cyclization, resulting in a 3:1 protected cyclen, as shown in Figures 3.1.3 and 3.1.4.  
The first installs the different protecting group on the DEOA precursor to cyclization; this 
makes intuitive sense because the DEOA structure has only one amine.  The three amines 
in the DETA precursor would each have the same protecting group, different than that on 
the DEOA amine.  This approach has been utilized by Pilichowski et al.39 in the synthesis 
of (Ts)3(Ms)Cyclen; the three tosyl groups were deprotected with hot concentrated 
sulfuric acid, and later the mesyl group was deprotected via reduction with Red-Al.  
 
Figure 3.1.3  Efficient synthesis of 3:1 protected cyclen via differentiating the DEOA precursor. 
 
The second approach installs the different protecting group on the center amine of 
the DETA precursor.  This allows for a wider selection of protecting groups, since the 
center amine of the DEOA precursor must satisfy steric and electronic requirements 
while the center amine of the DETA precursor seems to have no such requirements for 
successful cyclization to be achieved.  This approach has been utilized by Kohl et al.9 in 
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the synthesis of (Ts)3(Bn)Cyclen; however the three tosyl groups were deprotected with 
sodium amalgam. 
 
Figure 3.1.4  Efficient synthesis of 3:1 protected cyclen via differentiating the DETA precursor. 
 
Despite these efficient approaches, utilization of traditional protecting groups 
does not solve the problem of the disadvantageous deprotection conditions, which may 
preclude certain functional groups in the alkylated final product.  Alternative protecting 
groups have been proposed,14,40 but the lack of commercial availability of these groups 
has prevented their widespread use.  A method of efficiently cyclizing 3:1 protected 
cyclens utilizing commercially available protecting groups is therefore desired. 
3.2 Nosyl: An Alternative to Tosyl Protecting Groups 
In 1995, as an alternative to the tosyl protecting group, Fukuyama put forth the 
nosyl (Ns) group, 2- or more commonly 4-nitrobenzenesulfonyl.12  While the nosyl group 
maintains many of the characteristics suitable for Richman-Atkins cyclization as the tosyl 
group, its proposed advantage is a different mechanism of deprotection; instead of highly 
acidic hydrolysis, the nosyl group can react with strong nucleophiles such as thiols and 
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undergo nucleophilic aromatic substitution (SNAr) which results in release of the amine 
and sulfur dioxide (Figure 3.2.1). 
 
Figure 3.2.1  Expected deprotection of a nosyl group. 
 
The nosyl group has been used in Richman-Atkins cyclization to make polycyclic 
cyclen derivatives13,41 but has hitherto not been reported in the synthesis of cyclen itself 
or other straightforward azamacrocycles instead of unusual derivatives. 
 
Figure 3.2.2  Synthesis of (Ns)4Cyclen via Richman-Atkins cyclization (64.9%). 
 
The Richman-Atkins precursors DETA and DEOA were protected with nosyl 
groups on the amines and cyclization was successfully achieved (Figure 3.2.2).  
Deprotection using decanethiol was attempted and the crude 1H NMR spectrum indicated 
the absence of (Ns)4cyclen.  Work-up via column chromatography recovered the 
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expected 4-nitrophenyl decyl thioether (R = C10H21 in Figure 3.2.1) but not the desired 
deprotected cyclen.  Whereas the high symmetry of deprotected cyclen gives a 1H NMR 
spectrum of simply one singlet for all of the equivalent CH2 groups, what was recovered 
gave a plethora of triplets that indicated a mixture of desymmetrized products.  Such mild 
conditions are unlikely to cause ring-opening of cyclen, so asymmetric substitution of the 
amines seems likely.  Since the 1H NMR spectrum did not have any peaks in the aromatic 
region, all of the 4-nitrophenyl groups were removed, but it is possible that the sulfur 
dioxide did not completely detach from the amines (Figure 3.2.3).  This would result in 
an amine – sulfur dioxide charge transfer complex, examples of which have been 
investigated since 1826 and are amongst the strongest charge transfer complexes 
known.42-45 
 
Figure 3.2.3  Proposed incomplete deprotection of nosyl group resulting in an amine – sulfur dioxide 
charge transfer complex. 
 
Amines can form 1:1 or 2:1 complexes with sulfur dioxide, and 2:1 complexes 
could be formed intramolecularly or intermolecularly (Figure 3.2.4).  With four amines 
and the options of fully deprotected amines, 1:1 amine complexes with sulfur dioxide, 
and intra- or intermolecular 2:1 amine complexes with sulfur dioxide, there are a number 
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of incompletely-deprotected cyclen possibilities, and this could be giving rise to the 
mixture of asymmetric products obtained. 
 
Figure 3.2.4  Intramolecular (top) and intermolecular (bottom) 2:1 amine – sulfur dioxide complexes 
involving cyclen. 
 
The initial deprotection of (Ns)4Cyclen was purified via column chromatography 
instead of the traditional acid/base extraction because the decanethiol caused emulsion.  
Another attempt was performed with the traditional thiophenol, which did not cause an 
emulsion upon acidic (1.0 M HCl(aq)) extraction.  The acid layer showed the successful 
deprotection of (Ns)4Cyclen by a singlet corresponding to cyclen*4HCl in the 
1H NMR 
spectrum.  The acidic layer was basified and the freebase cyclen was back-extracted into 
dichloromethane.  This indicates that the acidic hydrolysis of the amine – sulfur dioxide 
charge transfer complex is a crucial step in the deprotection of the nosyl group.  While 
nosyl deprotections in the literature usually employ acidic work-ups41 (and Fukuyama 
reported a saturated bicarbonate wash)12, the mechanistic importance of this hydrolysis 
step has not hitherto been communicated to our knowledge. 
That the nosyl group is also a benzenesulfonyl and as such has similar electron-
withdrawing capability and pKa of the protected sulfonamide makes it an ideal substitute 
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for the traditional tosyl groups in Richman-Atkins synthesis.  Indeed, the properties of 
protecting groups identified in Chapter 2 as suitable for Richman-Atkins cyclization 
(that the protecting group on the center amine of DEOA be electron-withdrawing enough 
to prevent aziridinium formation and yet not induce such a steric effect as to cause 
morpholine formation, and that the protecting groups on the outer amines of DETA have 
a low enough pKa to allow alkylation yet be electron-withdrawing enough to only allow 
one alkylation reaction per amine) are sufficiently limiting that sulfonamides may be the 
“Goldilocks” protecting groups at these sites. 
3.3 Synthesis of 3:1 Nosyl Cyclens 
Both of the efficient routes to 3:1 protected cyclen (Figures 3.1.3 and 3.1.4) were 
explored.  For the first route—putting the different protecting group on the center amine 
of the DEOA cyclic precursor—three protecting groups were attempted: formyl, Boc, and 
TFA.  These protecting groups were selected following the unsuccessful experience with 
several other groups, as described in Chapter 2, that led to unwanted aziridinium 
products.  That experience pinpointed the minimum electron-withdrawing capability 
(approximately σp = 0.45) necessary to deactivate the central nitrogen of the DEOA from 
acting as a nucleophile and forming the aziridinium.  The three protecting groups were 
selected accordingly: formyl (σp = 0.42), Boc (σp = 0.45), and TFA (σp = 0.80).
15  Each 
was installed onto the center amine of DEOA, but when the alcohol groups were 
converted to leaving groups by reaction with trifluorotosyl chloride, the Boc derivative 
formed an unwanted morpholine product, as described in Chapter 2, and so did the TFA 
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derivative.  The formyl derivative gave a complex mixture, with no one major product, 
and was not further pursued. 
The second efficient route to 3:1 protected cyclen was therefore explored, putting 
the different protecting group on the center amine of the DETA cyclic precursor.  Nosyl 
groups were selectively placed on the outer amines of DETA and this cyclic precursor 
was isolated as the hydrochloride salt, which was then cyclized (Figure 3.3.1).  Having 
one unprotected amine in the cyclen product is enticing in that it seems that it could be 
immediately alkylated with the desired end group; however, attempts to alkylate 
(Ns)3(H)Cyclen with methyl bromoacetate were unsuccessful (Table 3.3.1). 
 
Figure 3.3.1  Cyclization of (Ns)3(H)Cyclen. 
 
The unsubstituted amine may be inaccessible due to the conformation of the 
cyclen; Figure 3.3.2 shows that the NH is centered within the ring.  Therefore, 





Figure 3.3.2  Spacefilling crystal structure of (Ns)3(H)DETA showing the NH buried in the center of the 
structure. 
 
Table 3.3.1  Attempted alkylations of (Ns)3(H)Cyclen. 




70 °C Decomposition to complex mixture 
Cs2CO3 DMF RT Decomposition to complex mixture 
NaHCO3 DMF RT 
Decomposition to complex mixture, 





Decomposition to complex mixture, 
contains starting material 
 
 
That nosyl groups can be selectively placed on the outer amines of DETA, in 
theory, allows for the efficient synthesis of 2:1 protected DETA cyclic precursors.  With 
a formyl group on the center amine, this was indeed the case (Figure 3.3.3); however, 
with other (larger) groups, achieving the desired 2:1 DETA in appreciable yields was 
unsuccessful.  (Ns)2(Boc)DETA was only achieved via an inefficient route, installing the 





Figure 3.3.3  Synthesis of (Ns)2(formyl)DETA. 
 
The (Ns)2(formyl)DETA and (Ns)2(Boc)DETA were each cyclized to yield 
(Ns)3(formyl)Cyclen and (Ns)3(Boc)Cyclen in 54.17% and 54.7% yield, respectively.  
The (Ns)3(formyl)Cyclen underwent deprotection of the nosyl groups using thiophenol 
followed by acidic work-up, as was successful for the deprotection of (Ns)4Cyclen.  The 
aqueous extractant used was 0.1 M HCl, rather than 1 M, to try to avoid deprotecting the 
acid-labile formyl group.  The work-up was successful up to this point; the 1H NMR 
spectrum indicates the presence of H3(formyl)Cyclen in the acid layer.  However, upon 
basification of the aqueous layer to pH = 11 followed by organic extraction, the 
deprotected product remained in the aqueous layer rather than being extracted. 
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Figure 3.3.4  Inefficient synthesis of (Ns)2(Boc)DETA. 
 
An alternative purification of H3(formyl)Cyclen will next be attempted, 
maintaining the hydrolysis step which was determined to be crucial for the decomposition 
of amine – sulfur dioxide charge transfer complexes that result from the nosyl 
deprotection but drying the product-containing aqueous layer to perform a solid-liquid 
extraction.  Additionally, deprotections of other (Ns)3(PG)Cyclens will be attempted.  
More lipophilic protecting groups, such as Boc or TFA, may aid in the organic back-
extraction step of the purification of H3(PG)Cyclens. 
 





3.4 Conclusions and Future Directions 
Synthesis of cyclen was successfully achieved for the first time using nosyl 
protecting groups instead of the traditional tosyl groups.  These nosyl groups were 
deprotected with mild conditions, but it was discovered that a hydrolysis step is necessary 
in order to free the desired amines from potential amine – sulfur dioxide charge transfer 
complexes resulting from incomplete nosyl deprotection. 
Cyclization of (Ns)3(H)Cyclen was achieved without a protecting group being 
necessary on the center amine of the DETA cyclic precursor.  However, attempts to 
alkylate this amine after cyclization were unsuccessful, so it was determined that a 
different protecting group must be used to make (Ns)3(PG)Cyclen and the nosyl groups 
must be deprotected and substituted prior to the alternative protecting group. 
Two 3:1 protected cyclens were synthesized, (Ns)3(formyl)Cyclen and 
(Ns)3(Boc)Cyclen.  The nosyl groups were deprotected to yield H3(formyl)Cyclen, the 
aqueous solubility of which thwarted the initial purification attempt.  An alternative 
purification, still utilizing an aqueous hydrolysis step, will be attempted in the future.  
The deprotection and purification of H3(Boc)Cyclen is also planned, and other protecting 
groups which may facilitate purification of H3(PG)Cyclen, such as TFA or other more 
hydrophobic groups, will be utilized. 
Such efficient synthesis of 3:1 protected and the subsequent 3:1 substituted cyclen 
products, being a reduction of the number of steps and utilizing much milder reaction 
conditions in the deprotection step than previous routes, allows simpler syntheses of 
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current 3:1 cyclens, such as MRI contrast agent ligands and other medical imaging and 
drug delivery agents.  It also encourages the development of new 3:1 cyclens which may 





TRIFLUOROTOSYLATION EN ROUTE TO AZAMACROCYCLES 
AND CRYSTALLINE FLUORINE INTERACTIONS 
 
4.1 Preface 
In the pursuit of a commercially available protecting group with milder 
deprotection conditions than the tosyl group for Richman-Atkins cyclization, the 
trifluorotosyl group was investigated.  Installed on test amines, 25 different deprotection 
conditions were attempted, most of which showed no reaction (Appendix E).  Anionic 
photoreduction46 initially seemed promising, with the first attempt showing 43% 
deprotection; however, repeating these conditions for a second attempt only achieved 
25% deprotection.  Optimization trials (different photosensitizers or without a sensitizer, 
with or without UV irradiation) only achieved 17 – 26% deprotection, so this route was 
abandoned.  Even the harsh deprotection conditions that remove a tosyl group (conc. 
H2SO4, 110 °C, 2 days) failed to result in the free amine; however a reaction did occur, 
and it was determined (via 1H and 13C NMR spectroscopy) that the trifluoromethyl group 
had been oxidized to a carboxylic acid (Figure 4.1.1).  The conditions of Wagenaar et 
al.47 were then employed to hydrolyze the sulfonamide and release the amine. 
 




Though the successful deprotection conditions for the trifluorotosyl group were 
determined to utilize the same harsh conditions as the tosyl group plus the inconvenience 
of an additional step, in the course of the deprotection study it was observed that 
solutions of trifluorotosylated amines had a propensity to spontaneously grow high 
quality crystals.  Characterization by X-ray diffraction showed the trifluorotosyl fluorine 
atoms are locally concentrated in the crystal packing, arranging in sheets or columns.  A 
thorough analysis was conducted on a series of trifluorotosylated amines examining the 
role of intermolecular fluorine contacts in the crystal packing. 
 
Adapted with permission from: Sibley, Megan M; Ruohoniemi, Ian R; North, 
Alexandra M; Wasilewski, Matthew S; McMillen, Colin D; Wetzler, Modi. Statistical 
Prevalence versus Energetic Contributions of F···F, F···H, and F···C Intermolecular 
Interactions in 4-Trifluorotoluenesulfonamide Crystals. Cryst. Growth Des. 2019, 19(11), 
6296-6307.  Copyright 2020 American Chemical Society. 
4.2 Introduction 
Sulfonamides are an extremely important functional group, having essentially 
ushered in the modern era of medicinal chemistry with sulfonamide antibiotics.48  
Although their potency and broad-spectrum activity as antibiotics are still a driving force 
for their use in the clinic, sulfonamides are notorious for their crystallinity, with many of 
them historically crystallizing in the kidneys, leading to renal failure.49  More recently, 
this crystallinity has been used advantageously to form cocrystals with other drugs, 
thereby controlling polymorphism, crystal isomorphism, and solvate formation.50-53  
64 
 
Their conformations in solutions—critical for their biological activity—can also be 
predicted from their crystal structures.54  Benzenesulfonamides, in particular, have 
received an extraordinary amount of attention with over 1.4 million structures in the 
Chemical Abstract Services containing just the 4-toluenesulfonamide (TsN) moiety. 
Fluorine is finding an increasingly important role in medicinal chemistry,55 with 
an overlap in function with sulfonamides; for example, there are over 20,000 examples 
containing 4-trifluoromethylbenzenesulfonamide (i.e., α,α,α-trifluorotoluenesulfonamide, 
F3TsN) in the Chemical Abstract Services.  Despite this demonstration of the moiety’s 
importance, there are only approximately 20 crystal structures containing this group in 
the Cambridge Structural Database (other than contributions herein).  This omission is 
particularly notable given fluorine’s prominent role in crystal engineering,56-58 and the 
importance of crystal engineering for the pharmaceutical industry.59-62  The relevance of 
the trifluorotoluene moiety in biological and medicinal contexts is demonstrated by the 
presence of more than 600 trifluorotoluene containing structures in the Protein Data 
Bank.63  A better understanding of the impacts of CH3 to CF3 substitution could enable 
more rational crystal design.64,65 
An important early analysis of 50 CH3-CF3 direct analog pairs in the CSD by 
Ashwini Nangia66 revealed about 50% of the pairs to be isostructural, and specifically 
suggested study of the often synthetically more accessible CH3 versions as a useful 
approach to potentially understanding the structural behavior of the CF3 analogs.  In 
contrast, a more recent analysis of 88 CH3-CF3 analog pairs in the CSD by Ilenia 
Giangreco67 reports only a 12.5% isostructurality rate.  A difference in methodology in 
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selecting CH3/CF3 pairs between Nangia’s work and Giangreco’s work may account for 
part of the difference, but since at least a significant number of Nangia’s earlier 
comparisons must be incorporated into Giangreco’s subsequent study, a very high 
percentage of the newer CH3/CF3 pairs deposited in the CSD since Nangia’s work must 
not be isostructural.  This clear difference between these two analyses highlights (a) the 
need for more structures, and (b) the complementarity between database-wide surveys 
and targeted, in-depth analyses of smaller datasets to confirm the applicability of 
conclusions from database-wide surveys back to the more narrowly defined classes of 
molecules.  For example, CF3 groups, already known to easily vary between attractive 
and repulsive interactions, behave markedly differently when present as substituents on 
aromatic rings.63 
In contrast with that general observation,66 none of the new structures reported in 
the present study that have non-fluorinated analogs are isostructural between the CH3-
CF3 pairs.  Furthermore, a recent, comprehensive analysis by Robin Taylor of 
intermolecular interactions in the CSD argues that “the C–halogen⋯π interactions do not 
occur more often than expected by chance….  although these interactions may perhaps be 
favoured in special circumstances.”25 Because benzenesulfonamides are inherently highly 
crystalline they could fall into the “special circumstances” category defined by Taylor, 
and we do indeed see those interactions occur more than expected by chance.  Nangia 
reports structures that are “stabilized by strong hydrogen bonding, and multi-point 
recognition” (which F3Ts’s strong intermolecular hydrogen bonds and capacity for π-
stacking fit) should form isostructural pairs.  However, he also mentions “supramolecular 
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synthons” (defined by strong intermolecular contacts) as often being exempt from the 
general preference toward isostructurality in CH3-CF3 analogs.  Thus, there remains some 
ambiguity about the anticipated behavior of F3TsN as a structural synthon, and we feel 
additional examination and expansion of the structural catalog of these compounds is 
warranted. 
Herein reported are thirteen crystallographic structures of F3Ts-containing 
moieties in three medicinally-important groups (aliphatics, aromatics, and polyamines, 
Figure 4.2.1).  For the six structures for which non-fluorinated homolog structures were 
available, the fluorinated and non-fluorinated analogs were quantitatively compared via 
Hirshfeld surface analysis, as were four of the seven pairs of F3Ts and Ts analogs that 
were already present in the literature (focusing on structures lacking other complicating 
halogen atoms and further intermolecular hydrogen bonds beyond the sulfonamide itself).  
With only one exception the pairs are not isostructural.  Eleven of our thirteen structures 
were analyzed via ratio of frequencies (RF) analysis to quantify the difference between 
observed versus statistically expected intermolecular contacts.  In all cases, F···F, H···F, 
and C···F interactions play a statistically more dominant role in crystal packing versus 
CSD-wide observed trends. 
Beyond the statistical analyses, lattice energy calculations reveal only minor 
energetic differences between fluorinated and non-fluorinated structures, suggesting that 
the statistically significant fluorine interactions do not dominate the energetics of 
crystallization.  Electrostatic potential maps of these compounds unsurprisingly reveal 
that the oxygen atoms of the sulfonamide moiety are far more electron-rich than the 
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fluorine atoms in the CF3 moiety.  This calculation is confirmed by the observation of 
intermolecular hydrogen bonds between the sulfonamide oxygen atoms and N-H in every 
case that an N-H is present.  Therefore, one may reasonably expect the inherent 
crystallinity of the sulfonamides to force isomorphism between the fluorinated and non-
fluorinated structures, as has been noted previously.66  Surprisingly, the notable lack of 
isomorphism in our comparisons, suggests the energetically minimal but statistically 
numerous fluorine interactions are an important factor in deliberately fine-tuning 
crystallographic variations, isomorphism, and polymorphism of already highly crystalline 
compounds of therapeutic interest.  
 






Chemicals were purchased from the following suppliers and used without further 
purification: Trifluorotoluenesulfonyl chloride from AK Scientific or Oakwood 
Chemicals; all the amines were purchased from Alfa Aesar; deuterated solvents from 
Cambridge Isotope Laboratories, and all other solvents from BDH via VWR. 
NMR Spectroscopy 
1H, 13C{1H}, and 19F NMR spectra were obtained on a Bruker AVANCE 300 
MHz NMR spectrometer. 1H and 13C{1H} NMR chemical shifts are reported in  relative 
to trimethylsilane (TMS; δ 0) and referenced to solvent. 
Single-Crystal X-ray Diffraction 
Single crystal X-ray diffraction intensity data were measured using a Mercury 
CCD detector on a Rigaku AFC8S diffractometer, and a Photon 100 CMOS detector on a 
Bruker D8 Venture diffractometer, both equipped with MoKα radiation (λ=0.71073 Å).  
The data were processed and corrected for absorption using the CrystalClear and Apex 3 
software suites.68,69  Space group determinations were made based on the systematic 
absences.  The structures were solved by direct methods and subsequently refined on F2 
using Fourier difference techniques with the SHELXTL software suite.70  All non-
hydrogen atoms were refined anisotropically, while hydrogen atoms attached to carbon 
atoms were placed in geometrically idealized position using appropriate riding models. In 
several cases, rotational disorder of the fluorine atoms of the CF3 groups was observed.  
Appropriate fluorine atom positions were identified from the difference electron density 
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map, and the site occupancies were refined as free variables.  Details of the 
crystallographic refinements are provided in the Supporting Information, Table S10.   
Synthesis 
Typically, trifluorotoluenesulfonyl chloride dissolved in dichloromethane was 
added dropwise to a stirring solution of stoichiometric amine in dichloromethane at room 
temperature in the presence of one equivalent of sodium carbonate.   After stirring for 
two days the mixture was filtered and the filtrate was dried to yield the 
trifluorotoluenesulfonamide product, typically in high yields and purities. Three detailed 
syntheses and characterizations are provided in the supporting information.  Due to the 
high crystallinity of these molecules, diffraction-quality crystals were most usually 
obtained by slow evaporation of the dichloromethane solutions at room temperature 
following the filtration step.  
Hirshfeld Surface Analysis 
Hirshfeld analyses were performed using Crystal Explorer.71-75 Dnorm surfaces 
were generated at the 50% electron density level.  Van der Waals radii and covalent radii 
were kept at their default values, hydrogen 1.09 and 0.23, carbon 1.70 and 0.68, nitrogen 
1.55 and 0.68, oxygen 1.52 and 0.68, fluorine 1.47 and 0.64, and sulfur 1.80 and 1.02 Å, 
respectively.  For consistency with the RF and lattice energy calculations, when CF3 
rotational disorder was present, the structure of highest partial occupancy was used, as 
opposed to using both major and minor contributors with their partial occupancies which 
results in surfaces based on “smeared” electron distribution between the structural 
contributors.  In these cases, the difference between the two methods was most often 
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negligible but was sometimes as high as approximately 3%, as reported in the Supporting 
Information, Tables S1 and S2.  Surface area calculations for the promolecules were 
performed using the RPluto76 package to calculate the contribution of each atom in the 
promolecule to the exposed surface area of the molecule, using the method of Infantes 
and Motherwell.77  Hydrogen bond distances were normalized to their neutron diffraction 
values, C-H 1.083 Å and N-H 1.09 Å.  To the free molecule, a probe of radius 1.1 Å was 
placed on the surface of the van der Waals sphere of the atom of interest at 15000 random 
points, and the proportion of points that the probe did not fall within the van der Waals 
sphere of another atom within the molecule was obtained (VATM atom-type n=15000 
p=1.1 SURF NOCRYST).  The exposed surface areas were normalized for each element.  
The surface area contributions to Hirshfeld surfaces by element are showin in Tables S3 
and S4. 
RF Calculations 
For intermolecular contacts, the ratio of frequency (RF) of observed occurrences 
versus frequency expected based upon the exposed surface area of atoms was calculated 
according to the method of Taylor.25  For each of eleven crystal structures of 
trifluorotoluenesulfonamides, a list of close intermolecular contacts involving fluorine 
was generated in Mercury 3.8,78-81 using Bondi van der Waals radii.82  A close 
intermolecular contact was defined by an interatomic distance of less than or equal to the 
sum of the van der Waals radii plus 1.0 Å.  Each contact was visually inspected to ensure 
a “line of sight” interaction, that is, that no other atoms intruded in between the two 
atoms in contact.  The number of atoms having a line of sight close contact was tallied for 
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each base atom type as N.  The primary interaction of each atom was identified as the line 
of sight interaction of shortest distance relative to the sum of the van der Waals radii.  
The primary interaction of each atom was classified according to interaction type and 
counted as OB-A.  When CF3 rotational disorder was present, the structure of highest 
partial occupancy was used. 
The RPluto76 package was used to calculate the contribution of each atom in the 
crystal structure to the exposed surface area of the molecule, using the method of Infantes 
and Motherwell.77  Hydrogen bond distances were normalized to their neutron diffraction 
values, C-H 1.083 Å and N-H 1.09 Å.  To the free molecule, a probe of radius 1.1 Å was 
placed on the surface of the van der Waals sphere of the atom of interest at 15000 random 
points, and the proportion of points that the probe did not fall within the van der Waals 
sphere of another atom within the molecule was obtained (VATM atom-type n=15000 
p=1.1 SURF NOCRYST).  The normalized exposed surface areas were tallied for each 
atom type as S/Stotal.  The number of expected B-A interactions, EB-A, was calculated as 
NB(SA/STotal).  The ratio of observed to expected frequencies of each primary interaction 
was summed over the selected eleven crystal structures to generate RF for each primary 
interaction, 𝑅𝐹 = ∑ 𝑂𝐵−𝐴 ∑ 𝐸𝐵−𝐴⁄ . 
The 95% confidence intervals for RF values of each interaction type were 
obtained by bootstrapping.  1000 estimates of the statistic were made by sampling with 
replacement from the RF values from the eleven trifluorotoluenesulfonamide structures.  
The full RF calculations are shown in Table S5. 
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Electrostatic Potential Maps 
Electrostatic potential maps were calculated from the experimental crystal 
structures, using the major rotoisomer when CF3 rotational disorder was present, with 
Gaussian 0983 using the MP2 functional with the 6-31G** basis set.  Electrostatic 
potentials were visualized with GaussView 5.0.984 with total electron density isosurface 
of 0.0004 e/Å3and a range of -0.07098 to 0.07098 a.u. 
Lattice Energy Calculations 
The lattice energies were calculated using both the atom−atom method and the 
PIXEL method in the CLP package, using the PIXELC module.85-88  Hydrogen atoms 
were moved to their neutron value and an accurate valence electron density of the 
molecules was obtained at MP2/6-31G** with Gaussian 09.83  The total lattice energies 
calculated by the CLP program are partitioned into their Coulombic, polarization, 
dispersion, and repulsion contributions.  For structures whose asymmetric units were half 
of a molecule, the CIF file was modified to reconstruct the entire molecule and the space 
group was adjusted accordingly so that the energies calculated by the PIXEL program 
represent the lattice energy per whole molecule.  When CF3 rotational disorder was 
resolved by partial occupancy, each rotoisomer was calculated separately. 
 
4.4 Results and Discussion 
Treatment with one equivalent of trifluorotoluenesulfonyl chloride per primary 
amine yielded the expected secondary trifluorotoluenesulfonamides 1 – 5, 8-9, and 11-13 
and the expected tertiary trifluorotoluenesulfonamide 10 from the secondary amine.  The 
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N-S bond lengths are 1.598 – 1.644 Å across 1 – 5 and 8 – 13, indicative of single bond 
character, which is consistent with calculations.89 
However, 2-aminopyridine showed an unexpected proton migration; the 
sulfonamide is deprotonated and the nitrogen atom on the pyridine ring is protonated in 6.  
This was confirmed from the difference electron density map, indicating the presence of 
hydrogen on the N2 atom, significantly improving the refinement.  The crystal structure 
of compound 6 has previously been published in a study examining the importance of the 
sulfonamide/sulfonimide tautomerization, although present data was collected at lower 
temperature and refined to a lower R value, and the placement of the hydrogen atom was 
explicitly confirmed in the electron density maps.90  Present data, consistent with the 
previously published structure, demonstrates a relatively strong intermolecular hydrogen 
bond N2-H2A···N1, with H···N1 distance of 2.012 Å.  Furthermore, matching N1-C2 
and N2-C2 bond lengths (1.359 Å, Figure 4.4.1) indicate partial double bond character in 
an amidino-like N1-C2-N2 configuration.  A slightly shorter N2-S bond (1.589 Å) than is 
seen in the other structures may be consistent with an anionic N2 nitrogen, which is 
stabilized by hydrogen bonding. 
Upon treatment with two equivalents of trifluorotoluenesulfonyl chloride, 2-
aminopyridine again showed unusual behavior.  Each nitrogen became 
trifluorotoluenesulfonated in 7, but the shortening of the N2-C2 bond (1.310 Å, Figure 
4.4.1) implies significant double bond character, and the lengthening of the N1-C2 bond 
(1.397 Å) is consistent with increased single bond character.  The lengthening of the N1-
S bond (1.747 Å) relative to that of the other structures may be consistent with a large 
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partial positive charge on the nitrogen, which implies some contribution of double bond 
character in the N1-C2 bond. 
 
 
Figure 4.4.1  Bond lengths in 6 (left) and 7 (right). 
 
 
The more notable aspect of these crystal structures, however, is their 
intermolecular packing.  In terms of strength, the dominant intermolecular interactions in 
these structures appear to be traditional N-H···O hydrogen bonding interactions between 
the donor amines and the acceptor sulfonyl oxygen atoms (with the exception of 6, 
showing N-H···N interactions as described above, 7, and 10 which lacks an N-H).  
However the molecular packing also reveals that the fluorine atoms from the CF3 groups 
are always locally concentrated in the structures.  For example, in 1 – 5,7, 8, 11, and 13 
the fluorine atoms are localized in sheets.  In structures 6, 9, 10, and 12, the 
trifluoromethyl groups stacked in one dimension only, forming columns (examples of 





Figure 4.4.2  Crystal packing in 2 showing fluorous sheets (top) and 12 showing fluorous columns 
(bottom), as representative examples of the localized fluorine packing in the title systems. 
 
 
Figure 4.4.3  Intermolecular F···F contacts in 5 (left), 9 (center), and 10 (right) are shorter than the sum of 




All of the structures except 6 and 8 exhibit F···F interactions characteristic of 
Type I halogen···halogen contacts, as defined by the IUPAC,37 and most structures show 
multiple Type I interactions. While these Type I contacts are generally not considered to 
be true halogen bonds, there is evidence in the recent literature that suggests 
fluorine···fluorine interactions play a complementary role to other intermolecular 
packing forces, and can impart measurable stabilizing effects.91-93  Only the crystal 
structures of 5, 9, and 10 show intermolecular F···F distances shorter than the sum of the 
van der Waals radii (2.802 Å and 2.816 Å in 5, 2.824 Å in 9, 2.936 Å in 10, Figure 
4.4.3).  The rest of the structures display fluorine···fluorine distances slightly greater 
than the van der Waals distance (2.949 – 3.937 Å), which is consistent with literature 
observations of weakly attractive noncovalent fluorine interactions.94-97  Both cis and 
trans conformations are represented, sometimes within the same structure (Figure 4.4.4).  
In addition to their Type I halogen contacts, structures 2 (Figure 4.4.4)and 9 also show 
Type II98 halogen interactions, albeit at distances longer than the van der Waals sum 




Figure 4.4.4  (Left) Cis (3.088 Å/ 107.6°/ 108.4°) and trans (3.092 Å/ 107.3°/ 107.3°) Type I fluorine – 
fluorine contacts in 4  (Right) Type II fluorine – fluorine halogen interactions in 2. 
 
4.5 Hirshfeld Analysis 
To quantify the crystallographic impact of the readily observable fluorine 
interactions, the five crystal structures for which non-fluorinated homologs have 
crystallographic structures reported in the literature were analyzed using Hirshfeld 
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surfaces.  Four additional homologous pairs already present in the literature were also 
analyzed.  For each structure, a Hirshfeld surface was generated, visually showing the 
distance of intermolecular contacts via color.  Red on the surface indicates contacts at 
distances less than the sum of the van der Walls radii, white indicates contacts at 
distances at or near the sum of the van der Walls radii, and blue indicates distances 
beyond the van der Walls radii.  As can be seen in Figure 4.5.1, red dots frequently occur 
on the surfaces over the sulfonyl moiety, highlighting close intermolecular O···H 
contacts. 
The 2D fingerprint plots were generated for each surface, plotting di, the distance 
from the Hirshfeld surface to the nearest nucleus within the promolecule (in the interior 
of the surface), versus de, the distance from the Hirshfeld surface to the nearest external 
nucleus, for each point on the Hirshfeld surface.  The normalized proportion of the 
surface area contributing to each (di, de) pair is indicated by color, with blue indicating a 
small proportion, green a more significant proportion, and red the greatest contribution.  
Red was not observed in the present structures due to the diversity of intermolecular 
interactions they exhibit.  These fingerprints essentially combine information from both 
the conformation and packing of the molecules in the crystal; the more similar the 
fingerprints in homologous pairs the more similar both the conformation and packing are.  
Each fingerprint was then “filtered” by element to extract the identities and proportion of 
surface area for each intermolecular close contact, as illustrated by the CPK color coded 







Figure 4.5.1  Crystal structures, Hirshfeld surfaces, fingerprint plots, and close contacts (% surface area) of 
toluenesulfonamides (left) compared to trifluorotoluenesulfonamides (right).  From top: (S)-1-
phenylethylamine (CSD: SUZRUB,21,99 1), 4-toluidine (CSD: KUSVOK,21,100 2), 1,4-phenylenediamine 
(CSD: HAVQIE,21,101 3), 1,3-xylylenediamine (CSD: YAWBIJ,21,102 4), tris(2-aminoethyl)amine (CSD: 
TAQGEY,21,103 5), 2-aminopyridine (CSD: CERWAX,21,104 6), 5-trifluoromethyl-2-aminopyridine (CSD: 
VEGVOU,21,105 VEGTOS21,105), 4-anisidine (CSD: QAKPUP,21,106 CEDCEV21,107), 2-phenylaziridine 
(CSD: KOSQAM,21,108 SUHSAR21,109), 1,2-phenylenediamine (CSD: LAQDAJ,21,110 XARFAA21,111).  For 
structures whose asymmetric units consist of two unique molecules (tris(2-aminoethyl)amine,21,103 2-
aminopyridine,21,104 1,2-phenylenediamine21,111), analysis was performed on each molecule, showing 




molecules.  In those cases only one of the molecules from the asymmetric unit is shown 
in Figure 4.5.1 for clarity and both molecules are shown in Figure S1 for completeness. 
Close contacts are denoted by element(inner/promolecule)-element(outer).  While 
in many cases the distinction is trivial and often H···O interactions would simply be 
grouped into O···H interactions, the distinction is maintained herein for consistency to 
allow comparisons to B-A (base/inner-outer) contacts in the ratio of frequencies analysis 
below.  For the two isostructural Ts and F3Ts structures in the literature (CSD: 
VEGVOU21,105 and VEGTOS21,105, KOSQAM21,108 and SUHSAR21,109), closest contacts 
(vwd + 1 Å) for the fluorine atoms in the CF3 groups were compared to those of 
hydrogen atoms in the CH3 groups (Figure S7), revealing the expected high homology. 
Close contacts involving fluorine for 1 – 6 averaged 37.0% of the Hirshfeld 
surface area, 22.4% from each F(inner) and F(outer) contacts, and 7.8% from F···F 
contacts.  The F(inner) surface area contribution to the Hirshfeld surfaces is on average 
8.4% more than the contribution of fluorine to the accessible surface area of the 
promolecule (see Supporting Information) in the trifluorotoluenesulfonamide structures 1 
– 5.  This difference implies an electrostatic motivation causes fluorine to participate in 
more intermolecular close contacts than simple surface area considerations would predict.  
In both 1 – 5 and their toluenesulfonamide counterparts, oxygen also showed a modest 
overrepresentation in the Hirshfeld surface compared to the molecular surface area 
(+7.6% F3Ts, +10.1% Ts).  There was little difference between the two for hydrogen 
(+3.1% F3Ts, +1.8% Ts), but carbon showed significant underrepresentation in the 
Hirshfeld surface (-19.9% F3Ts, -12.6% Ts).  The Hirshfeld surface analysis clearly 
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demonstrates that one quarter to one third of all the close intermolecular contacts in the 
five fluorinated homologs involve fluorine, demonstrating its importance for the crystal 
packing. 
 
4.6 Ratio of Frequencies (RF) 
The RF, or ratio of frequencies, methodology
25 is one of several techniques112 for 
determining whether specific intermolecular contacts occur more often than would be 
statistically expected based upon molecular surface area considerations.  The frequency 
of given interactions in a crystal structure is compared to the frequency of the same 
interaction in a larger dataset taken to represent statistical norms.  The RF was calculated 
for each intermolecular interaction type involving fluorine.  The frequency of observed 
primary interactions, OB-A, was compared to the frequency of expected interactions, EB-A.  
The number of expected interactions was defined as the product of the number of base 
atom type B having line of sight close contacts (within the sum of the van der Waals radii 
plus 1 Å), NB, and the proportion of molecular surface area that atom type A constitutes, 
(SA/STotal), 
𝐸𝐵−𝐴 = 𝑁𝐵 ∗ (𝑆𝐴 𝑆𝑇𝑜𝑡𝑎𝑙⁄ ) 
The observed and expected interactions are summed over all the crystal structures and 





For the six structures displaying CF3 rotational disorder (1, 5, 7, 9, 11, 12), the 
highest partial occupancy contributor was studied (67%, 84%, 67%, 75%, 75%, 59%, 
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respectively).  Structures 6 and 10 were not studied because their CF3 rotational disorder 
resolved to 50%/50%.  The RF values for the trifluorotoluenesulfonamides are compared 
against Taylor’s values, representing a broader set of 137,560 structures from the 
Cambridge Structural Database,25 in Table 4.6.1. 
Three out of the eleven trifluorotoluenesulfonamide structures studied showed N-
F interactions (8, 9, 13), and four showed S-F interactions (2 – 5).  These RF values are 
quite high despite only three and four observed interactions due to the extremely small 
contribution of nitrogen and sulfur to the minimal free surface area of the molecule 
(0.03% – 0.5% for N and 0.02% – 0.7% for S, illustrated in Figure S2), rendering the 
number of statistically expected fluorine interactions to be quite small (0.37 and 1.05, 
respectively). 
Table 4.6.1  Calculated RF values of trifluorotoluenesulfonamide structures  aAverage of RF values using 










N[acc]-F 8.62 8.43-8.81 0.42 0.36-0.48 3617 
C[sat]-F 5.04 4.96-5.12 1.51 1.45-1.56 8283 
H[C]-F 4.23 4.18-4.30 1.82 1.77-1.88 9384 
S-F 3.31 3.22-3.39 0.73 0.62-0.85 2605 
C[unsat]-F 3.29 3.23-3.34 0.97 0.9-1.01 9306 
O-F 3.03 2.95-3.11 0.38 0.33-0.41 7633 
H[polar]-F 2.73 2.61-2.86 0.41 0.36-0.46 4465 
F-H[C] 0.85 0.84-0.86 1.74 1.52-1.89 9380 
F-F 0.68 0.65-0.70 1.0 0.92-1.05 9778 
F-C[unsat] 0.34 0.33-0.34 0.72 0.53-0.91 9340 
 
According to Taylor, “the high ranking of C[sat]···F is at least partly due to 
interactions in which the fluorine atom is ‘seen’ by the carbon atom but also makes close 
(and presumably more stabilizing) interactions to hydrogen atoms.”25  If his hypothesis 
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can be extended to interactions with hydrogen or fluorine atoms, then each and every of 
the 19 C[sat]-F interactions observed in the F3Ts structures exhibits this phenomena.  The 
saturated trifluoromethyl carbon frequently exhibits a primary interaction with an 
intermolecular fluorine atom, but often that fluorine atom itself exhibits a closer 
interaction to one, two, or all three fluorine atoms directly bonded to the trifluoromethyl 
carbon, as demonstrated in Figure 4.6.1. 
 
Figure 4.6.1  The primary line-of-sight C[sat]-F interaction (3.914 Å) in 9 may be due to attraction 
between two closer (non-primary) F-F interactions (3.550 Å, 3.585 Å). 
 
 
Across the eleven structures, 42 C[unsat]-F primary interactions were observed; 
only 12.54 were expected based upon the number of unsaturated carbon atoms with line 
of sight intermolecular interactions and the surface area of fluorine atoms relative to the 
total surface area.  In structures 4 and 5, not only did multiple unsaturated carbon atoms 
form primary interactions with the same fluorine atom, but when auxiliary (non-primary) 
interactions were included, every unsaturated carbon in the ring formed π interactions 
with a single fluorine atom (Figure 4.6.2).  Taylor’s C[unsat]-F data, with an RF of 
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approximately 1, caused him to remark that “the C–halogen···π interactions do not occur 
more often than expected by chance.  This is somewhat at variance with the reported 
utility of C–F···π interactions as synthons, … although these interactions may perhaps be 
favoured in special circumstances.”25  Present data indicate that the F3Ts moiety is indeed 
one of these special circumstances, and thereby specifically demonstrate its utility in 
crystal engineering significantly exceeds generic C-F containing moieties.   
 
Figure 4.6.2  C[unsat]-F interactions form a reciprocating π – F network in 4. 
 
Close contacts involving fluorine are observed to occur predominantly with atoms 
of the F3Ts moiety.  In fact, in four of the thirteen structures (2 – 4, and 7), fluorine 
interactions occurred only with atoms within the F3Ts functional group.  In an additional 
three structures (5, 8, and 11), F atoms overwhelmingly favored interactions with a F3Ts 
partner atom but a few did pair with atoms in the amine moiety.  Again, these specific 
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interactions demonstrate the different nature of the F3Ts group for crystal engineering 
relative to the generic C-F containing moieties. 
According to Dance,113 the most stabilizing intermolecular contacts (about 80% of 
close contacts) occur slightly beyond the van der Waals distance, usually by 0.3 – 0.4 Å.  
Whereas most crystallographic analyses that focus upon distances less than or at the van 
der Waals distance would miss these stabilizing contacts, the ratio of frequencies method 
includes them, extending up to 1.0 Å beyond the van der Waals distance.  Over the 
eleven trifluorotoluenesulfonated structures analyzed, the RF technique identified 147 
primary line of sight close contacts involving fluorine – only 16 of which were less than 
the van der Waals distance – at an average distance 0.361 Å greater than the sum of the 
van der Waals radii. 
While the ratio of frequencies analysis focuses upon number of contacts whereas 
Hirshfeld analysis quantifies the area of contact interaction, both techniques 
unambiguously indicate that the fluorine atoms in the trifluorotoluenesulfonyl moiety 
form more close contacts than simple surface area considerations would predict. 
 
4.7 Electrostatic Potential Surfaces 
To investigate whether the statistically numerous contacts of the fluorine atoms 
are driven via electrostatic contacts, electrostatic potential surfaces were calculated 
(example in Figure 4.7.1, the rest of the compounds in Figure S6).  In all of the 
electrostatic potential surfaces the regions with the most negative potentials are those 
associated with the sulfonamide oxygen atoms, consistent with previous observations.114  
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The region with the highest electrostatic potential in all these molecules is exclusively the 
sulfonyl oxygen atoms (red region in Figure 4.7.1), consistent with their π-bonding 
character.  Consequently, in any of the structures with an available hydrogen bond donor, 
intermolecular hydrogen bonds are readily apparent.  While in any one comparison of 
analogs lack of isostructurality may simply result from minor differences in 
crystallization conditions, and indeed it is possible that isostructural pairs may result from 
different crystallization conditions, the lack of isostructurality over ten pairs of 
supramolecular synthons may be significant. 
Notably, careful examination of the electrostatic potential (Figures 4.7.1 and S2) 
consistently reveals a slight positive potential around the CH3 but a slight negative 
potential around the CF3.  While the sign and magnitude of the electrostatic potential 
around a CF3 can be easily affected by even very mild external electric field (as would be 
generated by the aromatic ring or the rest of the molecules in a crystal),63 CF3 groups are 
more commonly evaluated as having positive electrostatic potential (acting as 
“electrophiles”).63  The moderate electrostatic potential differences between the CH3 and 
CF3 groups, which could easily be overlooked in the context of the dominant electrostatic 
potentials of the oxygen atoms, could still significantly alter the overall packing within 
the crystal structure (and help explain our low observed isostructurality) as long as the 
different structures electrostatically satisfy the oxygen atoms, such as via hydrogen 
bonding.  Within that context, the similar overall molecular electrostatic potentials of the 





Figure 4.7.1  Electrostatic potential surface (in a.u.) of Ts- (left, CSD: SUZRUB)21,99 and F3Ts-(S)-1-
phenylamine (right, 1). 
 
4.8 Lattice Energies 
To test that hypothesis, lattice energies were calculated using the CLP-PIXEL 
package,85-88 which includes two methods, Atom-Atom CLP (Coulomb-London-Pauli) 
and SCDS (Semi-Classical Density Sums)-PIXEL CLP.  The Atom-Atom CLP method 
assigns charges to each nuclear position and uses lattice sums of these localized charge 
parameters to calculate energies.  As such, the Coulombic energy terms do not include 
penetration energy and are heavily underestimated, as are the repulsion terms, to the same 
magnitude.  These errors offset to give a reasonable total lattice energy calculation.87  The 
PIXEL method calculates the valence electron density, assigning charge values to points 
in space (pixels) – one pixel usually corresponds to 0.08 Å3.  The pixels are then 
condensed into superpixels.  Each pixel with its corresponding charge is assigned to the 
nearest atomic nucleus to the pixel.  Energies are calculated over nuclei and valence 
electron density.  Table 4.8.1 shows the results of both methods as a breakdown of the 
total lattice energy calculations into four contributors: Coulombic, polarization, 
dispersion, and repulsion.  
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(S)-1-Phenylethylamine           
Tsa CSD- SUZRUB 100% -11.1 -39.9 -124.1 54.2 -0.4 -121.2 -63.1 -25.7 -140.8 86.5 -1.1 -144.1 
F3Ts, 1 
67% -11.0 -43.8 -137.5 78.7 0.0 -113.7 -64.6 -29.3 -143.8 95.3 0.0 -142.5 
33% -11.5 -43.7 -136.6 76.3 0.0 -115.6 -65.7 -28.4 -143.6 95.1 0.0 -142.7 
4-Toluidine           
Tsb CSD- KUSVOK 100% -10.9 -43.7 -135.9 67.5 0.0 -123.0 -62.8 -27.6 -150.6 100.9 0.0 -140.1 
F3Ts, 2 100% -16.1 -45.7 -143.4 75.3 0.0 -129.9 -60.3 -33.3 -146.9 91.7 0.0 -148.8 
1,4-Phenylenediamine           
Tsc CSD- HAVQIE 
50% -30.3 -75.3 -198.4 120.8 0.0 -183.2 -135.3 -58.1 -217.5 160.6 0.0 -250.4 
50% -31.4 -75.4 -199.8 124.6 0.0 -182.0 -139.9 -59.3 -219.7 165.3 0.0 -253.5 
F3Ts, 3 100% -29.8 -81.6 -224.1 125.6 0.0 -209.9 -117.5 -49.6 -222.9 139.5 0.0 -250.5 
1,3-Xylylenediamine           
Tsd CSD- YAWBIJ 100% -22.7 -71.4 -217.5 100.1 0.0 -211.5 -116.3 -49.8 -238.3 154.6 0.0 -249.7 
F3Ts, 4 100% -23.9 -77.9 -241.8 144.3 0.0 -199.4 -104.4 -53.1 -236.5 160.8 0.0 -233.3 
Tris(2-aminoethyl)amine           
Tse CSD- TAQGEY 100% -31.9 -96.3 -238.8 124.3 0.0 -242.8 -126.6f -60.2f -265.5f 178.2f 0.0 -274.0f 
F3Ts, 5 
84% -32.5 -105.1 -275.4 150.3 0.0 -262.7 -118.2f -46.4f -267.6f 155.5f 0.0 -276.7f 
16% -33.8 -105.2 -275.2 149.0 0.0 -265.0 -125.1f -51.6f -269.4f 156.1f 0.0 -290.0f 
2-Aminopyridine           
Tsg CSD- CERWAX 100% -26.3 -44.9 -141.6 66.7 0.0 -146.2 -112.5 -44.8 -155.8 125.5 0.0 -187.6 
F3Ts, 6 
50% -27.4 -49.0 -151.7 80.6 0.0 -147.4 -118.8 -49.4 -154.1 134.8 0.0 -187.6 
50% -26.8 -48.9 -151.2 79.3 0.0 -147.7 -118.9 -49.0 -153.4 133.8 0.0 -187.5 
5-Trifluoromethyl-2-aminopyridine          
Tsh CSD- VEGVOU 100% -31.5 -51.7 -159.2 80.6 0.0 -161.8 -114.9 -58.1 -159.6 135.0 0.0 -197.5 
F3Ts
h CSD- VEGTOS 100% -30.2 -53.2 -165.8 88.6 0.0 -160.6 -117.5 -54.9 -153.6 128.8 0.0 -197.3 
4-Anisidine           
Tsi CSD- QAKPUP 100% -15.6 -42.6 -129.4 46 -0.1 -141.7 -45.5 -19.3 -143.3 77.8 -1.2 -131.6 
F3Ts
j CSD- CEDCEV 100% -24.7 -48 -147.8 82.4 0.0 -138.1 -71.5 -30.3 -147.7 95.2 -0.5 -155.0 
2-Phenylaziridine           
Tsk CSD- KOSQAM 100% -18.5 -33 -125.7 51.3 0.0 -125.8 -51.6 -19.4 -140.9 72.7 0.0 -139.1 
F3Ts
l CSD- SUHSAR 100% -20.9 -37.5 -151.1 65 0.0 -144.5 -54.3 -22.4 -156.6 89.5 0.0 -143.8 
1,2-Phenylenediamine           
Tsm CSD- LAQDAJ 100% -17 -69.1 -182 96 0.0 -172.1 -82.5 -37.2 -201.7 125.7 0.0 -195.7 
F3Ts
n CSD- XARFAA 100% -12.7 -79.2 -209.9 109.5 0.0 -192.3 -60.8 -34.4 -211 124.7 0.0 -181.4 
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Table 4.8.1  Calculated lattice energies  aRef21,99  bRef21,100  cRef21,101  dRef21,102  eRef21,103  fThese values 
were extrapolated from calculations using larger pixel sizes (see Supporting Information)  gRef21,104  
hRef21,105  iRef21,106  jRef21,107  kRef21,108  lRef21,109  mRef21,110  nRef21,111  
 
 
The Atom-Atom and PIXEL methods are typically accurate to within around 
10%.85,87  The difference in calculated lattice energies between 
trifluorotoluenesulfonamide and toluenesulfonamide structures are also within 10% 
except for 4-anisidine.  Any difference in lattice energies is within the error of the 
techniques, meaning there is no significant difference in lattice energies arising from the 
fluorination of the p-methyl group, which is consistent with studies by Panini and 
Chopra.94,95  Therefore, the many close F-F contacts are either not repulsive but rather 
somewhat attractive, as in halogen-halogen contacts, or any destabilization has been 
canceled out by stabilizing contacts involving fluorine, such as H-F, F-H, or C-F 
contacts.  The favorable and disfavorable interactions (that are less than the sum of the 
van der Waals distances) that result from the molecular conformations and packing are 
summarized in Table S9.  The relatively minor energetic contributions of the fluorine 
interactions (~10% difference between the lattice energies of the F3Ts and Ts analogs) are 
clearly offset by the large number of fluorine interactions (demonstrated by the Hirshfeld 
and RF analyses) to yield almost no isomorphism in CH3 to CF3 substitution in these 
compounds. 
These results must be interpreted against a controversial and currently unresolved 
theoretical background.  Esterhuysen et al. computationally examined CF3 interactions in 
the Protein Data Bank (instead of the CSD as in Taylor,25,115 Nangia66 and Giangreco67), 
suggesting the CF3 groups provide stabilizing F…F contacts due to dispersion and 
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polarization but not halogen bonding.63  In our results (Table 4.8.1) dispersion and 
polarization contributions were both stabilizing and destabilizing, and largely 
insignificant (~10% difference between CF3 and CH3 analogs).  Metrangolo and 
colleagues, in contrast, focus on fluorine’s capacity to form halogen bonds via a sigma 
hole in sufficiently acidic environments.116,117  Indeed, a profusion of Type I halogen 
bonds (albeit very few “true” Type II halogen bonds) are exhibited in structures herein. 
More relevant to the current discussion, there is still disagreement about the 
significance of C-F…H-C contacts.115,118  While in general any given close contact may 
be the result of close packing, particularly for potential supramolecular synthons.66,119 
Nangia66 specifically defines molecules that have “strong hydrogen bonds or multi-point 
recognition” as likely to maintain the same structure, and toluenesulfonamides, with their 
intermolecular hydrogen bonds and capacity for π-stacking, certainly fit the description.  
It is notable in that context that the analogous pairs of F3Ts and Ts structures herein are 
almost exclusively not isostructural.  Therefore it is more likely that the fluorine contacts 
do in fact specifically affect the packing of the molecules, albeit in energetically subtle 
ways (below the threshold of accuracy for PIXEL calculations) that suggest more high-
level computational studies examine specific fluorine-containing moieties.  The 
requirement of the sulfonamide (SO2NH) groups to form intermolecular hydrogen bonds 
is likely the strongest determinant in narrowing the possible number of crystal forms.  
However, within the narrow set of remaining options, the lack of isomorphism in our 
F3Ts/Ts pairs suggests the presence of the fluorine atoms, with their energetically minor 
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but numerous interactions, may enable more subtle manipulation of the ultimate crystal 
structure. 
Lattice energy calculations demonstrate comparatively negligible contribution of 
the CF3 group (within the accuracy of PIXEL calculations) to the lattice energy, 
consistent with the high degree of isomorphism observed by Nangia.66  Statistically 
speaking, F-H and F-F interactions dominate the intermolecular contacts in these 
tifluorotoluenesulfonamide structures, but in a background against the highly crystalline 
and very electrostatic sulfonyl moieties which do not reflect the breadth of structures 
analyzed by Taylor.  That difference undoubtedly leads to the non-isostructural pairs of –
CH3 and –CF3 structures observed in this work.  This differential advantageously 
highlights an opportunity for pharmacological crystal design, because pharmacologically 
active compounds contain many highly electrostatic functional groups, and yet a 
relatively small fluorine modification may enable access to different crystal forms.   
4.9 Summary and Conclusions 
Herein reported are the crystal structures of thirteen compounds containing the 
trifluorotoluenesulfonamide moiety, a fluorinated analog of toluenesulfonamide, a 
historically important moiety.  Hirshfeld surface analysis of six of the structures and 
previously reported non-fluorinated homologs shows that intermolecular contacts 
involving fluorine account for 37% of the total contact surface area in the 
trifluorotoluenesulfonamide structures studied.  The moderately higher contribution of 
fluorine to the Hirshfeld surface than to the accessible molecular surface area implies an 
electrostatic drive to form intermolecular contacts which may be easily overlooked in the 
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potential energy surfaces that more clearly highlight the extreme potentials of the H-bond 
donors and acceptors. 
Ratio of frequencies analysis of all the structures shows that C[unsat]-F 
interactions are a surprisingly dominant interaction, showing π – F attraction.  The 
substantial differentials between, first, the RF values calculated by Taylor across 
thousands of structures versus this smaller pool of F3Ts structures, and second, the ~50% 
isostructural pairs in Nangia’s analysis of CF3/CH3 pairs in the CSD versus our almost 
complete lack of isostructural pairs, demonstrate that interactions across the entire F3Ts 
moiety, not just the CF3 portion, contribute crucial packing interactions in the crystal 
structures.  This distinction is important because while general breakdowns such as 
aliphatic vs. aromatic organofluorine compounds have been previously examined,120 
there remains a fundamental lack of consensus in the field regarding the nature of 
fluorine interactions as derived from comprehensive studies encompassing wide varieties 
of molecules.  Therefore, we propose that increasing available pools of crystal structures 
may enable more fine-grained analysis of more precisely-defined fluorine-containing 
moieties in the future, thus complementing database-wide studies and perhaps leading to 
more definitive conclusions and predictive design principles. 
In any case, it seems readily apparent that fluorine interactions in these F3Ts 
structures are numerous but individually energetically minor, leading to non-isostructural 
overall crystal structures.  Our targeted study of the F3Ts moiety demonstrates the value 
of focused studies of well-defined fluorine-containing moieties toward ultimate 
applications in employing subtle, electrostatically non-dominant C-F groups in altering 
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the ultimate crystal forms of compounds that contain strong hydrogen bond donors and 







CONCLUSIONS AND FUTURE DIRECTIONS 
 
5.1 Summary and Conclusions 
4-Methylbenzenesulfonyl (Tosyl, Ts), has been the traditional protecting group in 
the Richman-Atkins cyclization for almost five decades.  Its harsh deprotection 
conditions have greatly limited the panoply of functional groups present on macrocycles 
synthesized through the Richman-Atkins approach, and yet there has been very little 
awareness of why, or if, it is necessary.  Through the systematic, synthetic substitution of 
other protecting groups, and the resulting products when Richman-Atkins cyclization was 
attempted, the qualities of the traditional tosyl group that allow successful cyclization 
were identified.  These properties are dependent upon the location of the amine in the 
cyclic precursor.  The group on the center amine of the DEOA precursor must be 
sufficiently electron-withdrawing (σp = 0.45 or higher) to prevent, upon conversion of the 
alcohols to leaving groups, intramolecular cyclization resulting in aziridinium products 
instead of the desired DEOA cyclic precursor.  In contrast, Boc and TFA protecting 
groups formed cyclic morpholine products instead of the desired DEOA products, and 
this may result from those groups being too sterically bulky. 
The protecting group on the outer amines of the DETA precursor are even more 
limited, because they must make their nitrogens neither too acidic nor too basic.  For 
example, they must be sufficiently electron-withdrawing to only allow the outer amines 
to undergo one alkylation reaction, and not over-alkylate to a quaternary ammonium 
product.  The constraint of σp = 0.45 or higher, as with the DEOA precursor, is likely 
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applicable here as well.  Yet, the pKa of the protected outer amines must also be low 
enough so that following deprotonation the nitrogens are not sufficiently strong bases to 
prefer elimination reactions on the DEOA precursor.  A pKa equal to or lower than that of 
benzenesulfonyls (16 in DMSO)20 is necessary. 
The first experimental evidence of the Thorpe-Ingold effect with respect to 
Richman-Atkins cyclization is now reported.  Crystal structures show that the 
benzenesulfonyl protecting groups on the center amines of the DEOA and DETA cyclic 
precursors cause curvature of the alkyl backbones matching the cyclen products with low 
RMSD values.  Preliminary quantitative solution-state NOESY distance measurements 
are consistent with a curved backbone.  Computational gas-state geometry optimizations 
show that when the center amines of DETA precursors are functionalized with sulfonyl 
protecting groups, the energies of the curved “up/up” conformations are lowered, which 
is similar to the crystallographic and NMR spectroscopic measurements in curvature.  In 
contrast, when the center amine is functionalized with a methyl group the curved “up/up” 
conformations are energetically higher than the more linear “down/down” conformations. 
However, that a Thorpe-Ingold effect is necessary (at least on both precursors) for 
successful cyclization in good yields was disproven.  (Ns)3(formyl)Cyclen and 
(Ns)3(H)Cyclen were cyclized in good yields, and, while the C-C-N-C-C backbone of the 
(Ns)2(H)DETA*HCl was linear (overlaying well with n-pentane) each N-C-C-N “arm” 
exhibits a gauche conformation which imparts some curvature to the overall DETA 
conformation.  Computational geometry optimizations of DEOA and DETA precursors 
show that the bis(gauche) conformations are lower in energy than the bis(anti) 
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conformations.  The effect of hyperconjugation contributing to the observed gauche 
conformations was probed via NBO analysis.  Hyperconjugation was found to be more 
stabilizing of the bis(gauche) conformations than the bis(anti) in all four systems, and in 
two of the systems the hyperconjugation stabilization was equal to the overall (optimized) 
energy preference for the bis(gauche) conformation. 
The trifluorotosyl group was considered as an alternative protecting group for 
Richman-Atkins cyclizations, but the deprotection conditions that were determined offer 
little advantage over those for the traditional tosyl group.  Serendipitiously, the 
trifluorotosylated test amines displayed surprising propensity toward crystallinity, and the 
crystal structures were studied via lattice energy calculations, Hirshfeld and ratio of 
frequencies analyses.  For only one out of the ten structures which had tosyl analogues 
was the trifluorotosyl derivative isostructural with the tosyl derivative.  Lattice energies 
are comparable between the trifluorotosyl and the tosyl counterparts.  Close contacts 
involving fluorine account for an average of 37.0% of the Hirshfeld surface area, which is 
8.4% higher than the contribution of fluorine to the accessible molecular surface area.  
Close contacts of the type C[unsat] – F occurred three times more often in the 
trifluorotosylated amine structures than occur in fluorinated structures in the Cambridge 
Structural Database,21,25 and the propensity for fluorine interactions to occur 
predominantly with other atoms in the trifluorotosyl moiety support that 
trifluorotosylation is a useful means of crystal engineering. 
The nosyl group was selected as an appropriate protecting group for Richman-
Atkins cyclizations, having all of the requisite properties for successful cyclization.  The 
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nosyl group was deprotected from (Ns)4Cyclen using Fukuyama’s mild conditions;
12 an 
aqueous acidic work-up was deemed necessary, as without it a complex mixture of 
products resulted.  It is hypothesized that the acid hydrolyzes an amine – sulfur dioxide 
charge transfer complex resulting from incomplete nosyl deprotection.  An efficient route 
towards 3:1 protected cyclens was identified; since placing the different group on the 
DEOA precursor was thwarted by aziridinium and morpholine formation, the different 
group was placed on the center amine of the DETA precursor.  (Ns)3(H)Cyclen cyclized 
readily without a protecting group on the center of the DETA precursor but was not able 
to be alkylated, so a protecting group must be used.  With nosyl groups on the outer 
amines, only small groups were found to react at the center amine in good yields, so the 
formyl group was identified as a suitable protecting group.   
5.2 Future Directions 
The Thorpe-Ingold effect, that large groups on the center amine of Richman-
Atkins cyclic precursors cause curvature of the alkyl backbone, will be further probed in 
solution via NOESY.  Though the initial trial with the center amine protected with the 
trifluorotosyl group did show the distance between the outer CH2 groups to be 3.14 – 
3.40 Å, possibly indicating significant curvature, data with additional groups on the 
center amine needs to be obtained to validate the methodology.  If the same distances are 
obtained regardless of the different groups on the center amine, this could indicate the 
structure is too non-rigid for this method to be applicable or that intramolecular hydrogen 
bonding controls the solution-state conformation. 
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Whether hyperconjugation is the main contributor to the observed gauche effect 
in Richman-Atkins cyclic precursors, or if electrostatic polarization has a more 
significant contribution, will be proved via Interacting Quantum Atoms (IQA) and 
Relative Energy Gradient (REG) methods.33  An international collaboration has been 
initiated and results are expected in the near future. 
Of the two efficient routes for the synthesis of 3:1 cyclens, installing the different 
protecting group on the DEOA precursor is the most intuitive; the DEOA only has one 
amine and installing three of the same group on the three amines in DETA is 
straightforward, whereas differentiating the amines in DETA has limitations.  That 
(Ns)2(PG)DETA can only be efficiently synthesized if PG is small makes putting the 
different group on the DEOA precursor all the more alluring.  However, since attempts to 
do so were met with unwanted aziridinium and morpholine products when the alcohols 
were converted to leaving groups, formation of 3:1 cyclens via this route using Richman-
Atkins conditions currently seems foiled. 
Hovinen and Sillanpää121 may have experienced similar unwanted reactivity in 
their attempts to synthesize azamacrocycles.  They noted that their attempts to cyclize 
some (Ns)3-1,4,7-triazacyclodecanes via traditional Richman-Atkins conditions “were not 
successful;” but do not detail whether they were plagued by the formation of 
oxacyclobutanes, which would be analogous to the morpholine formation herein 
observed.  Use of the Mitsunobu reaction, however, allowed recovery of the desired 





Figure 5.2.1  Cyclization of azamacrocycles via Richman-Atkins conditions and via Mitsunobu conditions 
by Hovinen and Sillanpää.121 
 
Synthesis of (Ns)4Cyclen from (Ns)3DETA and (Ns)DEOA via Mitsunobu 
conditions was attempted (Figure 5.2.2, PG1 = PG2 = PG3 = Ns) and the 
1H NMR 
spectrum indicated complete conversion to the desired product.  Though Mitsunobu 
reactions have functional group sensitivities and strict dependence on pKa of the 
nucleophile,122 the success of this reaction indicates that the nosyl group is tolerated. 
 
Figure 5.2.2  Mitsunobu reaction towards 3:1, 2:2, or 1:2:1 cyclens. 
 
 
Mitsunobu reactions typically require column chromatography to purify the 
product,122 but so too did Richman-Atkins cyclization of 3:1 cyclens herein.  The initial 
success via this methodology indicates that not only 3:1 protected cyclens, but, if a 
(Ns)2(PG)DETA was used, also 2:2(trans) or 1:2:1 protected cyclens could also be 
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synthesized (Figure 5.2.2), with potentially greater functional group tolerance than 
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Acronyms and Abbreviations 
 




DETA diethylene triamine 
DMF dimethylformamide 
DMSO dimethyl sulfoxide 
F3Ts trifluorotosyl (4-trifluoromethylbenzenesulfonyl) 
IQA Interacting Quantum Atoms 
MRI Magnetic Resonance Imaging 
Ms mesyl (methanesulfonyl) 
NBO Natural Bond Order 
NMR nuclear magnetic resonance 
NOESY nuclear Overhauser effect spectroscopy 
Ns nosyl (4-nitrobenzenesulfonyl) 
REG Relative Energy Gradient 









NBO Analysis of Hyperconjugation 
 
Table B-1: Hyperconjugative interactions arising from backbone conformation for (Ts)3DETA. 
(Ts)3DETA 
Gauche up/ Gauche down 
 











BD (1) C2 - H3 BD*(1) C11 - N14 4.45    
BD (1) C11 - H12 BD*(1) N14 - H15 4.34 BD (1) C11 - H13 BD*(1) N14 - H15 0.8 
      BD (1) C2 - C11 BD*(1) N14 - H15 1.63 
BD (1) C2 - C11 BD*(1) N14 - S18 3.4 BD (1) C11 - H13 BD*(1) N14 - S18 4.21 
BD (1) N14 - H15 BD*(1) C11 - H12 1.7 BD (1) N14 - H15 BD*(1) C11 - H13 0.83 
      BD (1) N14 - H15 BD*(1) C2 - C11 1.21 
BD (1) N14 - S18 BD*(1) C2 - C11 1.58 BD (1) N14 - S18 BD*(1) C11 - H13 1.01 
BD (1) C11 - N14 BD*(1) C2 - H3 1       
BD (1) C2 - H4 BD*(1) C11 - N14 0.52 BD (1) C2 - H4 BD*(1) C11 - N14 0.62 
BD (1) C8 - H10 BD*(1) N16 - H17 3.94 BD (1) C8 - H10 BD*(1) N16 - H17 0.91 
      BD (1) C8 - H9 BD*(1) N16 - H17 0.77 
      BD (1) C5 - C8 BD*(1) N16 - H17 1.41 
BD (1) C5 - C8 BD*(1) N16 - S20 3.3 BD (1) C5 - C8 BD*(1) N16 - S20 0.61 
      BD (1) C8 - H9 BD*(1) N16 - S20 3.79 
BD (1) C5 - H6 BD*(1) C8 - N16 2.43 BD (1) C5 - H6 BD*(1) C8 - N16 0.89 
BD (1) N16 - S20 BD*(1) C5 - C8 1.64 BD (1) N16 - S20 BD*(1) C8 - H9 0.82 
BD (1) C5 - H7 BD*(1) C8 - N16 1.58       
BD (1) N16 - H17 BD*(1) C8 - H10 1.48 BD (1) N16 - H17 BD*(1) C8 - H9 0.97 
      BD (1) N16 - H17 BD*(1) C5 - C8 0.79 
BD (1) C8 - N16 BD*(1) C5 - H6 0.85       
 Sum outer Ns: 32.21  sum outer Ns: 21.27 
LP (1) N14 BD*(1) C2 - C11 1.19 LP (1) N14 BD*(1) C2 - C11 4.38 
LP (1) N14 BD*(1) C11 - H12 1.76 LP (1) N14 BD*(1) C11 - H12 5.67 
LP (1) N14 BD*(1) C11 - H13 8.4       
LP (1) N16 BD*(1) C5 - C8 1.12 LP (1) N16 BD*(1) C5 - C8 4.92 
LP (1) N16 BD*(1) C8 - H9 8.69       
LP (1) N16 BD*(1) C8 - H10 2.34 LP (1) N16 BD*(1) C8 - H10 4.42 
113 
 
 Sum LP outer Ns: 23.5  Sum LP outer Ns: 19.39 
BD (1) C5 - H6 BD*(1) N1 - S19 5.59 BD (1) C5 - H6 BD*(1) N1 - S19 4.99 
BD (1) C2 - H4 BD*(1) N1 - C5 5.04 BD (1) C2 - H4 BD*(1) N1 - C5 5.04 
BD (1) C11 - H13 BD*(1) N1 - C2 4.34       
BD (1) C5 - H7 BD*(1) N1 - C2 3.17 BD (1) C5 - H7 BD*(1) N1 - C2 2.24 
BD (1) C8 - H10 BD*(1) N1 - C5 3.08 BD (1) C8 - H10 BD*(1) N1 - C5 0.94 
BD (1) C2 - H3 BD*(1) N1 - S19 2.2 BD (1) C2 - H3 BD*(1) N1 - S19 1.18 
BD (1) C2 - C11 BD*(1) N1 - S19 1.73 BD (1) C2 - C11 BD*(1) N1 - S19 2.65 
BD (1) C8 - H9 BD*(1) N1 - C5 1.64       
BD (1) C5 - C8 BD*(1) N1 - C2 1.34 BD (1) C5 - C8 BD*(1) N1 - C2 1.82 
BD (1) N1 - C2 BD*(1) C11 - H13 0.88       
BD (1) N1 - C5 BD*(1) C2 - H4 0.86 BD (1) N1 - C5 BD*(1) C2 - H4 0.84 
BD (1) N1 - C2 BD*(1) C5 - H6 0.68 BD (1) N1 - C2 BD*(1) C5 - H6 0.62 
BD (1) N1 - S19 BD*(1) C5 - H6 0.68 BD (1) N1 - S19 BD*(1) C5 - H6 0.76 
BD (1) C11 - H12 BD*(1) N1 - C2 0.64 BD (1) C11 - H12 BD*(1) N1 - C2 0.7 
BD (1) N1 - C5 BD*(1) C8 - H10 0.62       
BD (1) N1 - S19 BD*(1) C2 - H4 0.54       
BD (1) N1 - S19 BD*(1) C2 - C11 0.53 BD (1) N1 - S19 BD*(1) C2 - C11 0.63 
      BD (1) C5 - C8 BD*(1) N1 - S19 0.57 
 Sum inner N: 33.56  Sum inner N: 22.98 
LP (1) N1 BD*(1) C5 - C8 7.7 LP (1) N1 BD*(1) C5 - C8 6.69 
LP (1) N1 BD*(1) C2 - C11 7.14 LP (1) N1 BD*(1) C2 - C11 4.73 
LP (1) N1 BD*(1) C2 - H3 6.87 LP (1) N1 BD*(1) C2 - H3 7.14 
LP (1) N1 BD*(1) C5 - H7 3.72 LP (1) N1 BD*(1) C5 - H7 4.21 
LP (1) N1 BD*(1) C5 - H6 0.88 LP (1) N1 BD*(1) C5 - H6 0.53 
 Sum LP inner N: 26.31  Sum LP inner N: 23.3 
      BD (1) N1 - C2 BD*(1) C11 - N14 1.79 
      BD (1) C11 - N14 BD*(1) N1 - C2 1.55 
      BD (1) N1 - C5 BD*(1) C8 - N16 1.6 
      BD (1) C8 - N16 BD*(1) N1 - C5 1.6 
 Sum NCCN: 0  Sum NCCN: 6.54 
BD (1) C11 - H12 BD*(1) C2 - H4 2.88 BD (1) C11 - H12 BD*(1) C2 - H3 2.67 
      BD (1) C11 - H13 BD*(1) C2 - H4 2.56 
BD (1) C2 - H4 BD*(1) C11 - H12 2.84 BD (1) C2 - H4 BD*(1) C11 - H13 2.76 
      BD (1) C2 - H3 BD*(1) C11 - H12 2.91 
BD (1) C5 - H7 BD*(1) C8 - H9 1.86 BD (1) C5 - H7 BD*(1) C8 - H10 2.73 
      BD (1) C5 - H6 BD*(1) C8 - H9 2.42 
BD (1) C8 - H9 BD*(1) C5 - H7 1.81 BD (1) C8 - H9 BD*(1) C5 - H6 2.49 
      BD (1) C8 - H10 BD*(1) C5 - H7 2.28 
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BD (1) C8 - H10 BD*(1) C5 - H6 1 BD (1) C8 - H9 BD*(1) C5 - H7 0.67 
BD (1) C5 - H6 BD*(1) C8 - H10 0.86 BD (1) C5 - H7 BD*(1) C8 - H9 0.66 
      BD (1) C11 - H13 BD*(1) C2 - H3 0.53 
 Sum HCCH: 11.25  Sum HCCH: 22.68 










      
 Optimized energy: 
-2781.09 










Table B-2: Hyperconjugative interactions arising from backbone conformation for (Ts)3DEOA. 
(Ts)3DEOA 
Gauche up/ Gauche up 
 











BD (1) C5 - H6 BD*(1) C8 - O65 4.21 BD (1) C5 - H6 BD*(1) C8 - O65 0.9 
BD (1) C5 - C8 BD*(1) S16 - O65 2.84 BD (1) C8 - H9 BD*(1) S16 - O65 3.3 
BD (1) C5 - H7 BD*(1) C8 - O65 1.32       
BD (1) S16 - O65 BD*(1) C5 - C8 1.25 BD (1) S16 - O65 BD*(1) C8 - H9 0.86 
      BD (1) S16 - O65 BD*(1) C8 - H10 0.52 
BD (1) C8 - O65 BD*(1) C5 - H6 1.23       
BD (1) C2 - H3 BD*(1) C11 - O66 4.74       
BD (1) C11 - H12 BD*(1) S14 - O66 1.96       
BD (1) C2 - H4 BD*(1) C11 - O66 1.25 BD (1) C2 - H4 BD*(1) C11 - O66 1.02 
BD (1) C11 - O66 BD*(1) C2 - H3 1.19       
BD (1) C2 - C11 BD*(1) S14 - O66 1.17 BD (1) C2 - C11 BD*(1) S14 - O66 2.66 
BD (1) S14 - O66 BD*(1) C11 - H13 0.82 BD (1) S14 - O66 BD*(1) C2 - C11 1.29 
 Sum outer Os: 21.98  Sum outer Os: 10.55 
LP (1) O65 BD*(1) C5 - C8 1 LP (2) O65 BD*(1) C5 - C8 6.31 
LP (1) O65 BD*(1) C8 - H9 1.36 LP (2) O65 BD*(1) C8 - H9 1.31 
      LP (2) O65 BD*(1) C8 - H10 2.27 
LP (2) O65 BD*(1) C8 - H9 4.05 LP (1) O65 BD*(1) C8 - H9 2.02 
LP (2) O65 BD*(1) C8 - H10 6.8 LP (1) O65 BD*(1) C8 - H10 1.93 
LP (1) O66 BD*(1) C11 - H12 0.57 LP (2) O66 BD*(1) C11 - H12 7.07 
LP (1) O66 BD*(1) C11 - H13 2.57 LP (2) O66 BD*(1) C11 - H13 3.41 
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LP (2) O66 BD*(1) C2 - C11 4.39 LP (1) O66 BD*(1) C2 - C11 1.08 
LP (2) O66 BD*(1) C11 - H12 4.14 LP (1) O66 BD*(1) C11 - H13 1.54 
 Sum LP outer Os: 24.88  Sum LP outer Os: 26.94 
BD (1) C5 - H7 BD*(1) N1 - C2 4.46 BD (1) C5 - H7 BD*(1) N1 - C2 2.2 
BD (1) C2 - H3 BD*(1) N1 - S15 4.39 BD (1) C2 - C11 BD*(1) N1 - S15 3.3 
BD (1) C11 - H13 BD*(1) N1 - C2 4.18       
BD (1) C8 - H10 BD*(1) N1 - C5 4.12       
BD (1) C2 - H4 BD*(1) N1 - C5 2.78 BD (1) C2 - H4 BD*(1) N1 - C5 4.7 
BD (1) C5 - H6 BD*(1) N1 - S15 2.24 BD (1) C5 - H6 BD*(1) N1 - S15 3.2 
BD (1) C5 - C8 BD*(1) N1 - S15 1.8 BD (1) C5 - C8 BD*(1) N1 - S15 0.98 
BD (1) C2 - C11 BD*(1) N1 - C5 1.27       
BD (1) N1 - C2 BD*(1) C11 - H13 1.05       
BD (1) N1 - C5 BD*(1) C8 - H10 0.92       
BD (1) N1 - S15 BD*(1) C2 - H3 0.81 BD (1) N1 - S15 BD*(1) C2 - C11 1.12 
BD (1) C11 - H12 BD*(1) N1 - C2 0.81 BD (1) C11 - H12 BD*(1) N1 - C2 0.6 
BD (1) C8 - H9 BD*(1) N1 - C5 0.79 BD (1) C8 - H10 BD*(1) N1 - C5 0.81 
BD (1) N1 - C2 BD*(1) C5 - H7 0.77 BD (1) N1 - C2 BD*(1) C5 - H6 0.55 
BD (1) C2 - C11 BD*(1) N1 - S15 0.7       
BD (1) N1 - C5 BD*(1) C2 - H3 0.68       
BD (1) N1 - C5 BD*(1) C2 - H4 0.58 BD (1) N1 - C5 BD*(1) C2 - H4 0.96 
BD (1) N1 - S15 BD*(1) C5 - H7 0.57 BD (1) N1 - S15 BD*(1) C5 - H6 0.68 
      BD (1) N1 - S15 BD*(1) C5 - H7 0.55 
BD (1) C5 - C8 BD*(1) N1 - C2 0.55 BD (1) C5 - C8 BD*(1) N1 - C2 1.72 
 Sum inner N: 33.47  Sum inner N: 21.37 
LP (1) N1 BD*(1) C2 - C11 7.51 LP (1) N1 BD*(1) C2 - C11 2.98 
LP (1) N1 BD*(1) C5 - C8 6.77 LP (1) N1 BD*(1) C5 - C8 5.48 
LP (1) N1 BD*(1) C5 - H6 5.63 LP (1) N1 BD*(1) C5 - H6 1.26 
      LP (1) N1 BD*(1) C5 - H7 2.36 
LP (1) N1 BD*(1) C2 - H4 3.33       
LP (1) N1 BD*(1) C2 - H3 1.39 LP (1) N1 BD*(1) C2 - H3 7.57 
LP (1) N1 BD*(1) C8 - H10 0.65       
 Sum LP inner N: 25.28  Sum LP inner N: 19.65 
      BD (1) N1 - C5 BD*(1) C8 - O65 2.3 
      BD (1) C8 - O65 BD*(1) N1 - C5 1.23 
      BD (1) N1 - C2 BD*(1) C11 - O66 1.81 
      BD (1) C11 - O66 BD*(1) N1 - C2 1.58 
 Sum NCCO: 0  Sum NCCO: 6.92 
BD (1) C2 - H4 BD*(1) C11 - H12 3.03 BD (1) C2 - H4 BD*(1) C11 - H13 2.93 
      BD (1) C2 - H3 BD*(1) C11 - H12 2.66 
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BD (1) C11 - H12 BD*(1) C2 - H4 2.5 BD (1) C11 - H12 BD*(1) C2 - H3 2.69 
      BD (1) C11 - H13 BD*(1) C2 - H4 2.48 
BD (1) C5 - H7 BD*(1) C8 - H9 3.06 BD (1) C5 - H7 BD*(1) C8 - H10 2.74 
      BD (1) C5 - H6 BD*(1) C8 - H9 2.21 
BD (1) C8 - H9 BD*(1) C5 - H7 2.48 BD (1) C8 - H9 BD*(1) C5 - H6 2.77 
      BD (1) C8 - H10 BD*(1) C5 - H7 2.37 
      BD (1) C8 - H9 BD*(1) C5 - H7 0.65 
      BD (1) C5 - H7 BD*(1) C8 - H9 0.61 
 Sum HCCH: 11.07  Sum HCCH: 22.11 










      
 Optimized energy: 
-2820.83 










Table B-3: Hyperconjugative interactions arising from backbone conformation for (Ms)2(H)DETA. 
(Ms)2(H)DETA 
Gauche down/ Gauche down 
 











BD (1) C12 - H14 BD*(1) N15 - S20 4.56 BD (1) C6 - C12 BD*(1) N15 - S20 3.47 
BD (1) C6 - H8 BD*(1) C12 - N15 4.52       
BD (1) C6 - C12 BD*(1) N15 - H16 1.43 BD (1) C12 - H13 BD*(1) N15 - H16 3.95 
BD (1) N15 - H16 BD*(1) C6 - C12 1.42 BD (1) N15 - H16 BD*(1) C12 - H13 1.89 
BD (1) N15 - H16 BD*(1) C12 - H14 1.21       
BD (1) C12 - N15 BD*(1) C6 - H8 1.2       
BD (1) N15 - S20 BD*(1) C12 - H14 0.98 BD (1) N15 - S20 BD*(1) C6 - C12 1.47 
BD (1) C12 - H14 BD*(1) N15 - H16 0.7       
BD (1) C6 - H7 BD*(1) C12 - N15 0.61       
BD (1) C3 - H5 BD*(1) C9 - N17 4.28       
BD (1) C9 - H11 BD*(1) N17 - H18 3.91 BD (1) C9 - H11 BD*(1) N17 - H18 3.96 
BD (1) C3 - C9 BD*(1) N17 - S19 2.98 BD (1) C3 - C9 BD*(1) N17 - S19 3.47 
BD (1) N17 - H18 BD*(1) C9 - H11 1.84 BD (1) N17 - H18 BD*(1) C9 - H11 1.88 
BD (1) N17 - S19 BD*(1) C3 - C9 1.34 BD (1) N17 - S19 BD*(1) C3 - C9 1.47 
BD (1) C9 - N17 BD*(1) C3 - H5 1.17       
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BD (1) N17 - S19 BD*(1) C9 - H11 0.58       
 Sum outer Ns: 32.73  Sum outer Ns: 21.56 
LP (1) N15 BD*(1) C12 - H13 5.43 LP (1) N15 BD*(1) C12 - H13 2.1 
      LP (1) N15 BD*(1) C12 - H14 7.38 
LP (1) N15 BD*(1) C6 - C12 3.91 LP (1) N15 BD*(1) C6 - C12 0.8 
LP (1) N17 BD*(1) C9 - H10 6.73 LP (1) N17 BD*(1) C9 - H10 7.42 
      LP (1) N17 BD*(1) C9 - H11 2.13 
LP (1) N17 BD*(1) C3 - C9 2.84 LP (1) N17 BD*(1) C3 - C9 0.79 
 Sum LP outer Ns: 18.91  Sum LP outer Ns: 20.62 
BD (1) C6 - H7 BD*(1) N1 - H2 3.81 BD (1) C6 - H7 BD*(1) N1 - H2 3.61 
BD (1) C3 - H4 BD*(1) N1 - H2 3.69 BD (1) C3 - H4 BD*(1) N1 - H2 3.62 
BD (1) C12 - H14 BD*(1) N1 - C6 3.53       
BD (1) C9 - H10 BD*(1) N1 - C3 3.41       
BD (1) C6 - C12 BD*(1) N1 - C3 3.21 BD (1) C6 - C12 BD*(1) N1 - C3 2.84 
BD (1) C3 - C9 BD*(1) N1 - C6 2.95 BD (1) C3 - C9 BD*(1) N1 - C6 2.85 
BD (1) N1 - H2 BD*(1) C6 - H7 2.55 BD (1) N1 - H2 BD*(1) C6 - H7 2.61 
BD (1) N1 - H2 BD*(1) C3 - H4 2.49 BD (1) N1 - H2 BD*(1) C3 - H4 2.61 
BD (1) N1 - C6 BD*(1) C3 - C9 1.69 BD (1) N1 - C6 BD*(1) C3 - C9 1.67 
BD (1) N1 - C3 BD*(1) C6 - C12 1.6 BD (1) N1 - C3 BD*(1) C6 - C12 1.67 
BD (1) N1 - C6 BD*(1) C12 - H14 1.22       
BD (1) N1 - C3 BD*(1) C9 - H10 1.18       
BD (1) C12 - H13 BD*(1) N1 - C6 0.57       
 Sum inner N: 31.9  Sum inner N: 21.48 
LP (1) N1 BD*(1) C6 - H8 9.79 LP (1) N1 BD*(1) C6 - H8 9.21 
LP (1) N1 BD*(1) C3 - H5 9.4 LP (1) N1 BD*(1) C3 - H5 9.23 
LP (1) N1 BD*(1) C3 - H4 3.24 LP (1) N1 BD*(1) C3 - H4 2.1 
LP (1) N1 BD*(1) C6 - H7 2.52 LP (1) N1 BD*(1) C6 - H7 2.03 
LP (1) N1 BD*(1) C6 - C12 0.88 LP (1) N1 BD*(1) C6 - C12 1.16 
LP (1) N1 BD*(1) C3 - C9 0.55 LP (1) N1 BD*(1) C3 - C9 1.12 
 Sum LP inner N: 26.38  Sum LP inner N: 24.85 
      BD (1) N1 - C3 BD*(1) C9 - N17 2.02 
      BD (1) N1 - C6 BD*(1) C12 - N15 2.02 
      BD (1) C12 - N15 BD*(1) N1 - C6 1.74 
      BD (1) C9 - N17 BD*(1) N1 - C3 1.73 
 Sum NCCN: 0  Sum NCCN: 7.51 
BD (1) C3 - H4 BD*(1) C9 - H11 2.99 BD (1) C3 - H4 BD*(1) C9 - H10 2.99 
      BD (1) C3 - H5 BD*(1) C9 - H11 2.78 
BD (1) C9 - H11 BD*(1) C3 - H4 2.96 BD (1) C9 - H11 BD*(1) C3 - H5 3.08 
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      BD (1) C9 - H10 BD*(1) C3 - H4 2.75 
BD (1) C6 - H7 BD*(1) C12 - H13 2.95 BD (1) C6 - H7 BD*(1) C12 - H14 2.98 
      BD (1) C6 - H8 BD*(1) C12 - H13 2.77 
BD (1) C12 - H13 BD*(1) C6 - H7 2.86 BD (1) C12 - H13 BD*(1) C6 - H8 3.07 
      BD (1) C12 - H14 BD*(1) C6 - H7 2.75 
      BD (1) C6 - H7 BD*(1) C12 - H13 0.52 
 Sum HCCH: 11.76  Sum HCCH: 23.69 










    
  
 Optimized energy: 
-1500.18 










Table B-4: Hyperconjugative interactions arising from backbone conformation for (Ms)2(H)DEOA. 
(Ms)2(H)DEOA 
Gauche down/ Gauche down 
 












BD (1) C6 - H8 BD*(1) C12 - O29 5.09 BD (1) C6 - H7 BD*(1) C12 - O30 0.67 
BD (1) C12 - H14 BD*(1) S16 - O29 3.46 BD (1) C6 - C12 BD*(1) S16 - O30 2.92 
BD (1) C6 - H7 BD*(1) C12 - O29 1.11 BD (1) C6 - H8 BD*(1) C12 - O30 0.79 
BD (1) C12 - O29 BD*(1) C6 - H8 1.08       
BD (1) S16 - O29 BD*(1) C12 - H14 0.69 BD (1) S16 - O30 BD*(1) C6 - C12 1.11 
BD (1) S16 - O29 BD*(1) C12 - H13 0.68       
BD (1) C6 - C12 BD*(1) S16 - O29 0.56       
BD (1) C3 - H5 BD*(1) C9 - O30 4.6 BD (1) C3 - H5 BD*(1) C9 - O29 0.81 
BD (1) C3 - C9 BD*(1) S15 - O30 2.5 BD (1) C3 - C9 BD*(1) S15 - O29 2.91 
BD (1) C9 - O30 BD*(1) C3 - H5 1.17       
BD (1) S15 - O30 BD*(1) C3 - C9 1.04 BD (1) S15 - O29 BD*(1) C3 - C9 1.12 
BD (1) C3 - H4 BD*(1) C9 - O30 0.91 BD (1) C3 - H4 BD*(1) C9 - O29 0.63 
BD (1) S15 - O30 BD*(1) C9 - H11 0.61       
 Sum outer Os: 23.5  Sum outer Os: 10.96 
LP (1) O29 BD*(1) C12 - H13 2.06 LP (2) O30 BD*(1) C12 - H13 6.42 
LP (1) O29 BD*(1) C12 - H14 2.02 LP (2) O30 BD*(1) C12 - H14 4.83 
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LP (2) O29 BD*(1) C6 - C12 6.22 LP (1) O30 BD*(1) C6 - C12 1.25 
LP (2) O29 BD*(1) C12 - H13 1.54       
LP (2) O29 BD*(1) C12 - H14 1.93 LP (1) O30 BD*(1) C12 - H14 0.74 
LP (1) O30 BD*(1) C9 - H11 1.85 LP (1) O29 BD*(1) C9 - H10 0.64 
LP (1) O30 BD*(1) C3 - C9 0.88 LP (1) O29 BD*(1) C3 - C9 1.26 
LP (2) O30 BD*(1) C3 - C9 1.13       
LP (2) O30 BD*(1) C9 - H10 6.97 LP (2) O29 BD*(1) C9 - H10 5.09 
LP (2) O30 BD*(1) C9 - H11 2.41 LP (2) O29 BD*(1) C9 - H11 6.18 
 Sum LP outer Os: 27.01  Sum LP outer Os: 26.41 
BD (1) C3 - H4 BD*(1) N1 - H2 3.88 BD (1) C3 - H4 BD*(1) N1 - H2 3.5 
BD (1) C6 - H7 BD*(1) N1 - H2 3.84 BD (1) C6 - H7 BD*(1) N1 - H2 3.52 
BD (1) C12 - H14 BD*(1) N1 - C6 3.49       
BD (1) C9 - H10 BD*(1) N1 - C3 3.27       
BD (1) C6 - C12 BD*(1) N1 - C3 3.23 BD (1) C6 - C12 BD*(1) N1 - C3 2.88 
BD (1) C3 - C9 BD*(1) N1 - C6 3.09 BD (1) C3 - C9 BD*(1) N1 - C6 2.87 
BD (1) N1 - H2 BD*(1) C6 - H7 2.54 BD (1) N1 - H2 BD*(1) C6 - H7 2.59 
BD (1) N1 - H2 BD*(1) C3 - H4 2.43 BD (1) N1 - H2 BD*(1) C3 - H4 2.6 
BD (1) N1 - C6 BD*(1) C3 - C9 1.63 BD (1) N1 - C6 BD*(1) C3 - C9 1.58 
BD (1) N1 - C3 BD*(1) C6 - C12 1.52 BD (1) N1 - C3 BD*(1) C6 - C12 1.59 
BD (1) N1 - C3 BD*(1) C9 - H10 1.18       
BD (1) N1 - C6 BD*(1) C12 - H14 1.11       
BD (1) C12 - H13 BD*(1) N1 - C6 0.66       
BD (1) C9 - H11 BD*(1) N1 - C3 0.51       
 Sum inner N: 32.38  Sum inner N: 21.13 
LP (1) N1 BD*(1) C6 - H8 9.83 LP (1) N1 BD*(1) C6 - H8 8.58 
LP (1) N1 BD*(1) C3 - H5 9.75 LP (1) N1 BD*(1) C3 - H5 8.51 
LP (1) N1 BD*(1) C3 - H4 2.59 LP (1) N1 BD*(1) C3 - H4 1.49 
LP (1) N1 BD*(1) C6 - H7 1.93 LP (1) N1 BD*(1) C6 - H7 1.66 
LP (1) N1 BD*(1) C6 - C12 1.33 LP (1) N1 BD*(1) C6 - C12 1.44 
LP (1) N1 BD*(1) C3 - C9 0.97 LP (1) N1 BD*(1) C3 - C9 1.58 
 Sum LP inner N: 26.4  Sum LP inner N: 23.26 
      BD (1) N1 - C3 BD*(1) C9 - O29 2.19 
      BD (1) N1 - C6 BD*(1) C12 - O30 2.17 
      BD (1) C12 - O30 BD*(1) N1 - C6 1.52 
      BD (1) C9 - O29 BD*(1) N1 - C3 1.51 
 Sum NCCO: 0  Sum NCCO: 7.39 
BD (1) C3 - H4 BD*(1) C9 - H11 3.07 BD (1) C3 - H4 BD*(1) C9 - H10 2.89 
      BD (1) C3 - H5 BD*(1) C9 - H11 2.78 
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BD (1) C6 - H7 BD*(1) C12 - H13 2.89 BD (1) C6 - H7 BD*(1) C12 - H14 2.9 
      BD (1) C6 - H8 BD*(1) C12 - H13 2.78 
BD (1) C12 - H13 BD*(1) C6 - H7 2.73 BD (1) C12 - H13 BD*(1) C6 - H8 2.67 
      BD (1) C12 - H14 BD*(1) C6 - H7 2.62 
BD (1) C9 - H11 BD*(1) C3 - H4 2.72 BD (1) C9 - H11 BD*(1) C3 - H5 2.67 
      BD (1) C9 - H10 BD*(1) C3 - H4 2.62 
 Sum HCCH: 11.41  Sum HCCH: 21.93 










      
 Optimized energy: 
-1539.91 
au  Optimized energy: -1539.9 au 
  
-966311 








DETA conformation optimizations 
 
Table C-1:  Conformations of (Me)5DETA optimized at B3LYP/ 6-311G+(d,p).  Shaded conformations did 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table C-2:  Conformations of (Ms)2(Me)3DETA optimized at B3LYP/ 6-311G+(d,p).  Shaded 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table C-3:  Conformations of (Ms)3(Me)2DETA optimized at B3LYP/ 6-311G+(d,p).  Shaded 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Distance Calculations for NOESY 
 
Table D-1: Crystallographic tosyl H – H distances. 
Crystallographic Tosyl Distances 
(Ts)3DETA 
VIBRII ortho-H para-CH3 
distances, 
Å average, Å 




  H11B 5.2381 
  H11C 4.6823 
outer HNTs H10 H11A 5.0478 
4.8895   H11B 4.5106 
  H11C 5.11 
outer HNTs H13 H18A 4.5399 
4.8699   H18B 5.171 
  H18C 4.8988 
outer HNTs H17 H18A 5.19 
4.8616   H18B 4.5431 
  H18C 4.8517 
center NTs H20 H25A 5.0246 
4.8830   H25B 5.1161 
  H25C 4.5084 
center NTs H24 H25A 4.7621 
4.887   H25B 4.6538 
  H25C 5.2451 
(Ts)3DEOA QIJFIY 
outer OTs H6 H11A 4.5094 
4.8959 
4.9025 
  H11B 5.1042 
  H11C 5.074 
outer OTs H10 H11A 5.2684 
4.9061   H11B 4.7265 
  H11C 4.7233 
outer OTs H20 H25A 4.5133 
4.8981   H25B 5.0932 
  H25C 5.0877 
outer OTs H24 H25A 5.2748 
4.9092 
  H25B 4.7321 
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  H25C 4.7207 
center NTs H13 H18A 5.2626 
4.8916   H18B 4.7034 
  H18C 4.7087 
center NTs H17 H18A 4.5356 
4.9141   H18B 5.1063 
  H18C 5.1005 
(Ts)3DETA 
VIBRII meta-H para-CH3     




  H11B 3.5462 
  H11C 2.6507 
outer HNTs H9 H11A 3.2518 
2.9703   H11B 2.3352 
  H11C 3.3239 
outer HNTs H14 H18A 2.4152 
2.9689   H18B 3.4577 
  H18C 3.0338 
outer HNTs H16 H18A 3.4712 
2.9507   H18B 2.4254 
  H18C 2.9556 
center NTs H21 H25A 3.2155 
2.9654   H25B 3.3457 
  H25C 2.3351 
center NTs H23 H25A 2.7802 
2.9849   H25B 2.6181 
  H25C 3.5565 
(Ts)3DEOA QIJFIY 
outer OTs H7 H11A 2.3239 
2.9731 
2.9836 
  H11B 3.3073 
  H11C 3.288 
outer OTs H9 H11A 3.5679 
2.9909   H11B 2.6952 
  H11C 2.7096 
outer OTs H21 H25A 2.3248 
2.9721   H25B 3.2933 
  H25C 3.2982 
outer OTs H23 H25A 3.5885 
3.0068 
  H25B 2.708 
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  H25C 2.7238 
center NTs H14 H18A 3.5536 
2.9705   H18B 2.6759 
  H18C 2.682 
center NTs H16 H18A 2.3449 
2.9884   H18B 3.3177 
  H18C 3.3027 
 
 
Table D-2: Computational tosyl H – H distances. 
Computational Tosyl Distances (B3LYP/6-311G+(d,p)) 
(Ts)3DETA 
aauu ortho-H para-CH3 
distances, 
Å average, Å 




  H67 5.0375 
  H68 4.8116 
outer HNTs H27 H66 4.7432 
5.1392   H67 5.1997 
  H68 5.4746 
outer HNTs H51 H58 5.0335 
5.1271   H59 4.8131 
  H60 5.5347 
outer HNTs H53 H58 5.2000 
5.1374   H59 5.4717 
  H60 4.7405 
center NTs H35 H62 5.5520 
5.1271   H63 4.9471 
  H64 4.8820 
center NTs H37 H62 4.7155 
5.1399   H63 5.3070 
  H64 5.3972 
(Ts)3DEOA aauu 
outer OTs H21 H62 5.3601 
5.1422 
5.1296 
  H63 5.3515 
  H64 4.7149 
outer OTs H23 H62 4.9009 
5.1155   H63 4.8997 
  H64 5.5458 
outer OTs H47 H54 5.0420 5.1257 
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  H55 4.8040 
  H56 5.5310 
outer OTs H49 H54 5.1871 
5.1286   H55 5.4688 
  H56 4.7298 
center NTs H31 H58 5.4786 
5.1401   H59 4.7476 
  H60 5.1940 
center NTs H33 H58 4.7891 
5.1255   H59 5.5236 
  H60 5.0639 
(Ts)3DETA 
aauu meta-H para-CH3  
  
 




  H67 3.0200 
  H68 2.5738 
outer HNTs H30 H66 2.4338 
3.1239   H67 3.2781 
  H68 3.6599 
outer HNTs H55 H58 3.0151 
3.1162   H59 2.5772 
  H60 3.7562 
outer HNTs H56 H58 3.2814 
3.1239   H59 3.6579 
  H60 2.4324 
center NTs H39 H62 3.7809 
3.1122   H63 2.8488 
  H64 2.7068 
center NTs H40 H62 2.3919 
3.1284   H63 3.4348 
  H64 3.5584 
(Ts)3DEOA aauu 
outer OTs H25 H62 3.5033 
3.1281 
3.1205 
  H63 3.4949 
  H64 2.3860 
outer OTs H26 H62 2.7754 
3.1136   H63 2.7798 
  H64 3.7855 
outer OTs H51 H54 3.0301 3.1154 
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  H55 2.5641 
  H56 3.7520 
outer OTs H52 H54 3.274 
3.1265   H55 3.6669 
  H56 2.4385 
center NTs H35 H58 3.6705 
3.1236   H59 2.4424 
  H60 3.2579 
center NTs H36 H58 2.5441 
3.1157   H59 3.7439 
  H60 3.0592 
 
 
Table D-3: Crystallographic distances between the outer CH2 groups in the C-C-N-C-C alkyl backbone. 
Crystallographic CH2 – CH2 Distances 
Confor-













(F3Ts)3DETA H23A H25A 2.572 
3.308 
3.328 3.555 
178.7 anti  
-145.22 up 
H23A H25B 3.896 
H23B H25A 2.809 
173.56 anti  
98.7 up 
H23B H25B 3.954 
C23 C25 3.516  
(Ns)3DETA H8A H16A 4.043 
3.468 178.33 anti  
146.97 up 
H8A H16B 4.139 
H8B H16A 2.758 
171.02 anti  
95.92 up 
H8B H16B 2.93 
C8 C16 3.642  
(Ts)3DEOA 
QIJFIY H1A H4A 2.765 
3.210 179.28 anti  
-98.25 up 
H1A H4B 2.574 
H1B H4A 3.667 
-167.69 anti  
133.76 up 
H1B H4B 3.835 





VIBRII H1A H4A 4.314 
4.295 
4.126 3.761 
179.01 anti  
-95.16 up 
H1A H4B 5.206 
H1B H4A 3.524 
68.91 gauche  
109.12 up sym 
H1B H4B 4.136 




mol 1 H9A H18A 4.208 
4.438 -170.54 anti  
-96.06 up 
H9A H18B 5.29 
H9B H18A 3.774 
59.81 gauche  
91.28 up sym 
H9B H18B 4.478 
C9 C18 3.924  
(F3Ts)3DEOA 
mol 2 H34A H43A 2.392 
3.701 170.42 anti  
-96.97 up 
H34A H43B 3.932 
H34B H43A 3.58 
-64.16 gauche  
132.87 up opp 
H34B H43B 4.899 
C34 C43 3.555  
(F3Ts)2(Ns)DEOA H8A H17A 3.948 
4.071 172.55 anti  
-157.34 up 
H8A H17B 4.269 
H8B H17A 4.147 
65.41 gauche  
94.57 up opp 
H8B H17B 3.919 





(Ns)2(formyl)DETA H2A H10A 3.38 
4.322 
4.322 4.031 
-53.07 gauche  
120.05 up 
H2A H10B 4.162 
H2B H10A 4.319 
-62.84 gauche  
99.78 up sym 
H2B H10B 5.426 





(Ns)2(H)DETA*HCl H2A H2A 6.58 
5.861 
5.532 4.682 
58.31 gauche  
60.22/-56.47 down 
H2A H2B 5.943 
H2B H2A 5.943 
-58.31 gauche  
-60.22/56.47 down 
sym 
H2B H2B 4.9766 
C2 C2 4.93 
 
(Ns)2(H)DETA 
mol 1 H2A H10A 4.653 
5.241 67.07 gauche  
73.03 down 
H2A H10B 5.963 
H2B H10A 4.618 
-61.70 gauche  
57.08 down opp 
H2B H10B 5.73 
C2 C10 4.563  
(Ns)2(H)DETA 
mol 2 H2A H10A 4.653 
5.241 -67.07 gauche 
 -73.03 down 
H2A H10B 5.963 
H2B H10A 4.618 
61.70 gauche  H2B H10B 5.73 
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-57.08 down opp C2 C10 4.563  
(Ns)2(Boc)DETA H2A H10A 6.161 
5.784 66.97 gauche  
87.41 down 
H2A H10B 5.831 
H2B H10A 5.827 
64.31 gauche  
76.23 down opp 
H2B H10B 5.318 
C2 C10 4.674  
 
 
Table D-4: Computational distances between the outer CH2 groups in the C-C-N-C-C alkyl backbone of 
optimized structures. 
Computational CH2 – CH2 Distances (B3LYP/6-311G+(d,p)) 
Confor-




Å H avg, Å C avg, Å 
anti up/ 
anti up 
(Ts)3DETA H9 H12 4.6660 
3.8339 
3.5970 3.7067 
-177.13762 anti  
-146.55716 up 
H9 H13 4.3673 
H10 H12 3.2887 
161.95830 anti  
92.39226 up 
H10 H13 3.0138 
C8 C11 3.883  
(Ts)3DEOA H9 H12 4.1949 
3.3601 -179.9032 anti  
-147.59985 up 
H9 H13 3.9625 
H10 H12 2.8256 
168.93913 anti  
105.79284 up 
H10 H13 2.4574 




(Ts)3DETA H9 H12 4.2347 
4.3232 
4.2813 3.8841 
167.27121 anti  
91.10726 up 
H9 H13 5.7140 
H10 H12 2.8443 
75.53640 gauche  
-144.95731 up 
H10 H13 4.4997 
C8 C11 3.9312  
(Ts)3DEOA H9 H12 4.1649 
4.2395 167.28313 anti  
95.49275 up 
H9 H13 5.6776 
H10 H12 2.7199 
78.75713 gauche  
-147.45464 up 
H10 H13 4.3956 











H9 H13 4.3081 
H10 H12 3.5179 
64.98306 gauche  
-145.31168 up 
H10 H13 5.2003 
C8 C11 3.7828  
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H9 H13 3.818 
H10 H12 4.0227 
63.02315 gauche  
-109.28493 up 
H10 H13 5.4317 





(Ms)2(H)DETA H10 H13 5.9756 
5.8802 
5.9051 4.9331 
61.71320 gauche  
52.12171 down 
H10 H14 6.6966 




H11 H14 5.9764 
C9 C12 4.9498 
 
(Ms)2(H)DEOA H10 H13 6.0312 
5.9299 61.32103 gauche  
54.04891 down 
H10 H14 6.7310 




H11 H14 6.0267 






(Ms)2(H)DETA H10 H13 5.1586 
5.0038 
5.0063 4.8670 
179.88403 anti  
-59.56438 down 
H10 H14 4.8885 
H11 H13 4.8093 
-179.97723 anti  
59.90895 down 
H11 H14 5.1590 
C9 C12 4.8902  
(Ms)2(H)DEOA H10 H13 5.1511 
5.008763 -179.48187 anti  
-64.81365 down 
H10 H14 5.0098 
H11 H13 4.6940 
-179.43637 anti  
65.73542 down 
H11 H14 5.1802 





(Ms)2(H)DETA H10 H13 5.8679 
5.5211 
5.5598 4.8916 
179.40707 anti  
-61.56987 down 
H10 H14 6.0348 
H11 H13 5.1668 
55.94298 gauche  
70.68690 down 
H11 H14 5.0150 
C9 C12 4.8684  
(Ms)2(H)DEOA H10 H13 6.0290 
5.5985 
176.59440 anti  
-64.77649 down 
H10 H14 6.0384 
H11 H13 5.3606 
64.63554 gauche  
47.71941 down 
H11 H14 4.9662 









































mix time, D8 (sec)







Trifluorotosyl deprotection conditions 
 
Table E-1: Deprotection conditions attempted to remove the trifluorosotyl protecting group. 
Starting Material Conditions Yield 
(by 1H NMR spectroscopy) 























2-naphthol, NaBH4, NaOH, 




phenol, NaBH4, NaOH, 









gallic acid methyl ester, 















quercetin, NaBH4, NaOH, 





NaOH, MeOH, rt, 365 nm 
22% 
(F3Ts)1-piperazine Mg











0, HgCl2, EtOH, rt no rxn 
135 
 




(F3Ts)-2-phenylethylamine ZnCl2, chloroacetic 
chloride, 110 °C 
decomp 
(F3Ts)-2-phenylethylamine Zn
0, HCl, acetic acid, 110 
°C 
no rxn 
(F3Ts)-2-phenylethylamine SnCl2*H2O, HCl, acetic 
acid, 110 °C 
no rxn 
(F3Ts)-2-phenylethylamine 1,4-dimethoxybenzene, 
NaBH4, EtOH/H2O, rt, 365 
nm 
no rxn 





H2SO4, rt decomp & H2NTsF3 
(F3Ts)-N-tolyl-glycine tert-
butyl ester 
H2SO4, rt 15% 
(F3Ts)-N,N-
diethylethylenediamine 
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All reagents and solvents were of ACS grade or higher and were used as received. 1H, 
13C{1H}, and 19F NMR spectra were recorded using a Bruker Avance 300 MHz 
spectrometer. Chemical shifts δ (in ppm) for 1H and 13C NMR spectra are referenced to 
tetramethylsilane using the residual protio-solvent as an internal standard. Coupling 
constants (J) are expressed in hertz (Hz). High resolution LC-MS analyses were 
performed by the Mass Spectrometry Center at Auburn University (Auburn, AL). 
Elemental analyses were performed at Atlantic Microlab, Inc. (Norcross, GA). Melting 
points were obtained using an SRS DigiMelt and are uncorrected. All syntheses and 
purifications were performed at ambient conditions. 
 
Trifluorotosylation General Procedure 
The amine (15 mmol) was dissolved in 100 mL dichloromethane at room temperature 
and one equivalent of sodium carbonate was added. One equivalent of 4-
trifluorotoluenesulfonyl chloride per amine was taken up in dichloromethane and added. 
The reaction mixture was stirred at room temperature for two days and then filtered to 
remove sodium bicarbonate and sodium chloride. The filtrate was dried to yield the 
trifluorotoluenesulfonamide product. Yields below are the average of three or four 
syntheses. Colorless crystals of sufficient quality for X-ray diffraction were grown from 




The reaction mixture was stirred for two weeks. 
Tan powder (79.63 ± 16.94%) 
1H NMR (300 MHz, CDCl3): δ = 7.93 (d, J=8.1 Hz, 2H), 7.66 (d, J=8.4 Hz, 2H), 7.06 – 
6.99 (m, 4H), 2.26 (s, 3H).13C NMR (75 MHz, CDCl3): δ = 142.33, 135.99, 134.46 (q, 
2JC,F=32.8 Hz), 132.99, 129.99, 127.78, 126.08 (q, 
3JC,F=3.8 Hz), 123.08 (q, 
1JC,F=271.0 
Hz), 122.48, 20.70. 19F NMR (282 MHz, CDCl3): δ = -63.14 (s). mp = 125.2 – 126.1 °C 
HRMS (TOF-MS-EI+): m/z = 315.055 [MI] calcd for C14H12NO2F3S: 315.054. Anal. 
calcd for C14H12NO2F3S: C, 53.33; H, 3.84; N, 4.44; S, 10.17. Found: C, 53.12; H, 3.91; 






White powder (88.02 ± 4.28%) 
1H NMR (300 MHz, CDCl3): δ = 7.76 (d, J=8.4 Hz, 2H), 7.53 (d, J=8.1 Hz, 2H), 7.13 – 
7.08 (m, 3H), 7.06 – 7.01 (m, 2H), 4.54 (q, J=6.9 Hz, 1H), 1.45 (d, J=6.9 Hz, 3H). 13C 
NMR (75 MHz, CDCl3): δ = 144.07, 141.18, 133.71 (q, 
2JC,F=32.9 Hz), 128.43, 127.52, 
127.42, 126.08, 125.72 (q, 3JC,F=3.8 Hz), 123.15 (q, 
1JC,F=272.8 Hz), 53.98, 23.46. 
19F 
NMR (282 MHz, CDCl3): δ = -63.17 (s). mp = 108.7 – 110.7 °C HRMS (TOF-MS-ESI): 
m/z = 352.060 [M + Na]+ calcd for C15H15NO2F3SNa: 352.060. Anal. calcd for 





White powder (98.6 ± 2.61%) 
1H NMR (300 MHz, CDCl3): δ = 7.87 (d, J=8.1 Hz, 2H), 7.71 (d, J=8.4 Hz, 2H), 7.10 – 
7.03 (m, 2H), 6.99 – 6.91 (m, 2H). 13C NMR (75 MHz, CDCl3): δ = 161.01 (d, 
1JC,F=245.2 Hz), 142.09, 134.83 (q, 
2JC,F=33.0 Hz), 131.40 (d, 
4JC,F=3.0 Hz), 127.77, 
126.27 (q, 3JC,F=3.8 Hz), 125.05 (d, 
3JC,F=8.3 Hz), 123.04 (q, 
1JC,F=271.2 Hz), 116.40 (d, 
2JC,F=22.5 Hz). 
19F NMR (282 MHz, CDCl3): δ = -63.17 (s, 3H), -115.09 (m, 1H). mp = 
138.3 – 139.2 °C HRMS (TOF-MS-EI+): m/z = 319.030 [MI] calcd for C13H9NO2F4S: 
319.029. Anal. calcd for C13H9NO2F4S: C, 48.90; H, 2.84; N, 4.39; S, 10.04. Found: C, 
































Table S1  Hirshfeld Surface Analysis of Toluenesulfonamide Structures (Ts). 
SUZRUB 
21,99 
(Ts)-(S)-1-phenylethylamine       





S 0.0% 0.0% 0.0% 0.0% 0.0% 
 
      
O 0.0% 0.0% 0.0% 10.6% 0.0%       
N 0.0% 0.0% 0.0% 0.4% 0.0%       
H 0.0% 12.8% 0.8% 4.0% 6.3%       
C 0.0% 0.0% 0.0% 62.1% 2.9%       
KUSVOK 
21,100 
(Ts)-4-Toluidine        





S 0.0% 0.0% 0.0% 0.0% 0.1%        
O 0.0% 0.0% 0.0% 9.0% 1.0%        
N 0.0% 0.0% 0.0% 0.8% 0.0%        
H 0.1% 1.0% 0.0% 54.9% 9.2%        








Major (50%) + Minor (50%) “smeared” 









S 0.0% 0.0% 0.0% 0.0% 0.0% 
O 0.0% 0.0% 0.0% 14.5% 0.6% O 0.0% 0.0% 0.0% 14.5% 0.6% 
N 0.0% 0.0% 0.0% 1.4% 0.0% N 0.0% 0.0% 0.0% 1.4% 0.0% 
H 0.0% 16.4% 1.6% 44.1% 10.5% H 0.0% 16.5% 1.6% 44.3% 10.8% 
C 0.0% 0.5% 0.0% 8.1% 2.1% C 0.0% 0.5% 0.0% 8.2% 1.7% 
YAWBIJ 
21,102 
(Ts)2-1,3-Xylylenediamine        





S 0.0% 0.0% 0.0% 0.1% 0.0%        
O 0.0% 0.0% 0.0% 13.0% 0.0%        
N 0.0% 0.0% 0.0% 0.3% 0.0%        
H 0.1% 15.0% 0.5% 46.8% 11.0%        









Major (B, 100%) 









S 0.0% 0.0% 0.0% 0.0% 0.0% 
O 0.0% 0.0% 0.0% 11.5% 0.4% O 0.0% 0.0% 0.0% 14.3% 0.0% 
N 0.0% 0.0% 0.0% 0.0% 0.0% N 0.0% 0.0% 0.0% 1.1% 0.0% 
H 0.0% 14.4% 0.8% 52.1% 10.3% H 0.0% 15.5% 0.5% 51.5% 9.5% 










Major (B, 100%) 









S 0.0% 0.0% 0.0% 0.1% 0.0% 
O 0.0% 0.0% 0.0% 10.6% 0.2% O 0.0% 0.0% 0.0% 9.9% 0.5% 
N 0.0% 0.0% 0.0% 2.5% 0.0% N 0.0% 0.0% 0.0% 4.8% 1.1% 
H 0.0% 13.1% 5.0% 43.6% 11.3% H 0.1% 12.2% 3.9% 43.6% 10.3% 





      





S 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%       
O 0.0% 0.0% 0.0% 7.2% 3.9% 0.1%       
N 0.0% 0.0% 0.3% 2.3% 0.6% 0.8%       
H 0.0% 8.3% 2.7% 27.2% 7.0% 11.9%       
C 0.0% 3.4% 0.5% 3.5% 0.0% 2.1%       
F 0.0% 0.1% 0.8% 10.6% 3.2% 3.4%       
QAKPUP 
21,106 
(Ts)-4-Anisidine   





S 0.0% 0.0% 0.0% 0.0% 0.0% 
 
      
O 0.0% 0.0% 0.0% 12.0% 0.0%       
N 0.0% 0.0% 0.0% 0.1% 0.0%       
H 0.0% 15.0% 0.1% 48.4% 13.7%       
C 0.0% 0.0% 0.0% 10.4% 0.0%       
KOSQAM 
21,108 
(Ts)-2-Phenylaziridine        





S 0.0% 0.0% 0.0% 0.0% 0.0%        
O 0.0% 0.0% 0.0% 9.5% 0.1%        
N 0.0% 0.0% 0.0% 1.7% 0.0%        
H 0.0% 11.0% 2.0% 48.9% 13.0%        
C 0.0% 0.0% 0.0% 10.4% 3.3%        
LAQDAJ 
21,110 
(Ts)2-1,2-Phenylenediamine   





S 0.0% 0.0% 0.0% 0.0% 0.0% 
 
      
O 0.0% 0.7% 0.4% 13.1% 0.3%       
N 0.0% 0.4% 0.0% 0.3% 0.0%       
H 0.0% 14.5% 0.4% 44.6% 11.7%       










Major (67%) + Minor (33%) “smeared” 










S 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
O 0.0% 0.0% 0.0% 9.7% 0.3% 0.5% O 0.0% 0.0% 0.0% 9.7% 0.3% 0.5% 
N 0.0% 0.0% 0.0% 0.5% 0.0% 0.0% N 0.0% 0.0% 0.0% 0.5% 0.0% 0.0% 
H 0.0% 11.1% 0.5% 35.8% 3.4% 14.6% H 0.0% 11.1% 0.5% 33.0% 3.4% 15.8% 
C 0.0% 0.2% 0.0% 2.1% 4.2% 0.0% C 0.0% 0.3% 0.0% 2.1% 4.2% 0.1% 
F 0.0% 0.6% 0.0% 13.1% 0.1% 3.0% F 0.0% 0.6% 0.0% 14.2% 0.2% 3.5% 
2 (F3Ts)-4-Toluidine         





S 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%         
O 0.0% 0.0% 0.0% 9.0% 1.1% 0.8%         
N 0.0% 0.0% 0.0% 1.1% 0.0% 0.0%         
H 0.0% 9.8% 1.4% 32.5% 8.2% 8.0%         
C 0.0% 0.9% 0.0% 5.8% 0.4% 1.8%         
F 0.0% 0.8% 0.0% 7.7% 2.6% 8.0%         
3 (F3Ts)2-1,4-Phenylenediamine         





S 0.0% 0.0% 0.0% 0.1% 0.0% 0.0%         
O 0.0% 0.0% 0.0% 12.3% 1.8% 1.1%         
N 0.0% 0.0% 0.0% 1.6% 0.0% 0.0%         
H 0.1% 13.4% 1.9% 15.3% 6.1% 11.1%         
C 0.0% 1.5% 0.0% 4.6% 0.2% 2.5%         
F 0.1% 1.1% 0.0% 10.5% 3.7% 11.2%         
4 (F3Ts)2-1,3-Xylylenediamine         





S 0.0% 0.0% 0.0% 0.1% 0.0% 0.0%         
O 0.0% 0.2% 0.0% 10.3% 1.4% 0.8%         
N 0.0% 0.0% 0.0% 0.4% 0.0% 0.0%         
H 0.1% 12.0% 0.4% 22.9% 8.6% 8.9%         
C 0.0% 1.2% 0.0% 7.0% 0.2% 1.5%         






Major (84%) + Minor (16%) “smeared” 










S 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
O 0.0% 0.2% 0.0% 10.6% 1.2% 0.9% O 0.0% 0.2% 0.0% 10.6% 1.2% 0.9% 
N 0.0% 0.0% 0.0% 0.4% 0.0% 0.0% N 0.0% 0.0% 0.0% 0.4% 0.0% 0.0% 
H 0.0% 11.4% 0.4% 20.7% 4.0% 12.8% H 0.0% 11.4% 0.4% 20.2% 3.9% 12.6% 
C 0.0% 1.1% 0.0% 3.5% 2.5% 2.1% C 0.0% 1.1% 0.0% 3.4% 2.4% 2.1% 









Major (50%) + Minor (50%) “smeared” 










S 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 
O 0.0% 0.0% 1.2% 8.3% 1.5% 0.0% O 0.0% 0.0% 1.2% 8.2% 1.5% 0.0% 
N 0.0% 1.1% 0.2% 2.0% 0.4% 0.2% N 0.0% 1.1% 0.2% 1.9% 0.4% 0.2% 
H 0.0% 10.2% 2.7% 23.1% 4.8% 12.5% H 0.0% 10.1% 2.6% 21.7% 4.3% 12.8% 
C 0.1% 1.2% 0.4% 2.3% 0.3% 7.1% C 0.1% 1.2% 0.4% 2.0% 0.1% 7.3% 





        





S 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%         
O 0.0% 0.0% 0.0% 6.7% 3.6% 0.6%         
N 0.0% 0.0% 0.2% 2.2% 0.5% 0.9%         
H 0.0% 7.7% 2.6% 13.9% 4.2% 11.3%         
C 0.0% 3.1% 0.4% 2.0% 0.0% 3.9%         
F 0.0% 0.8% 0.9% 10.1% 5.8% 18.5%         
CEDCEV 
21,107 
(F3Ts)-4-Anisidine         





S 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%         
O 0.0% 0.0% 0.0% 11.4% 0.8% 0.9%         
N 0.0% 0.0% 0.0% 0.3% 0.0% 0.5%         
H 0.0% 12.9% 0.5% 24.6% 10.5% 11.0%         
C 0.0% 0.7% 0.0% 7.9% 0.6% 0.2%         
F 0.0% 1.0% 0.7% 9.7% 0.2% 4.8%         
SUHSAR 
21,109 
(F3Ts)-2-Phenylaziridine         





S 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%         
O 0.0% 0.0% 0.0% 8.3% 0.5% 0.7%         
N 0.0% 0.0% 0.0% 1.8% 0.0% 0.0%         
H 0.0% 9.6% 2.2% 22.9% 11.7% 11.0%         
C 0.0% 0.2% 0.0% 9.4% 2.6% 1.9%         








Major (B, 100%) 










S 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 
O 0.0% 2.3% 0.1% 10.0% 1.1% 2.3% O 0.0% 2.3% 0.0% 0.9% 8.7% 1.2% 
N 0.0% 0.1% 0.0% 0.2% 0.0% 0.0% N 0.0% 0.0% 0.0% 0.0% 0.2% 0.0% 
H 0.1% 9.9% 0.2% 19.9% 6.8% 12.9% H 0.0% 0.7% 0.0% 1.9% 5.0% 2.6% 
C 0.0% 1.0% 0.0% 4.7% 0.9% 1.9% C 0.1% 10.3% 0.2% 5.8% 20.0% 12.3% 





Expanded version of Figure 6 from manuscript provided for clarity: Crystal structures, Hirshfeld surfaces, 
fingerprint plots, and close contacts (% surface area) of toluenesulfonamides (left) compared to 
trifluorotoluenesulfonamides (right).  From top: (S)-1-phenylethylamine (CSD: SUZRUB,21,99 1), 4-
toluidine (CSD: KUSVOK,21,100 2), 1,4-phenylenediamine (CSD: HAVQIE,21,101 3), 1,3-xylylenediamine 
(CSD: YAWBIJ,21,102 4), tris(2-aminoethyl)amine (CSD: TAQGEY,21,103 5), 2-aminopyridine (CSD: 
CERWAX,21,104 6), 5-trifluoromethyl-2-aminopyridine (CSD: VEGVOU,21,105 VEGTOS21,105), 4-anisidine 
(CSD: QAKPUP,21,106 CEDCEV21,107), 2-phenylaziridine (CSD: KOSQAM,21,108 SUHSAR21,109), 1,2-
phenylenediamine (CSD: LAQDAJ,21,110 XARFAA21,111).  For structures whose asymmetric units consist of 
two unique molecules (tris(2-aminoethyl)amine,21,103 2-aminopyridine,21,104 1,2-phenylenediamine21,111), 




Figure S1 Crystal structures, Hirshfeld surfaces, fingerprint plots and close contacts (% surface area) of 
toluenesulfonamides (left) compared to trifluorotoluenesulfonamides (right) for unique molecules within 
the asymmetric unit.  From top: Tris(2-aminoethyl)amine (CSD: TAQGEY,21,103 5), 2-aminopyridine 
(CSD: CERWAX,21,104 6), 1,2-phenylenediamine (CSD: LAQDAJ,21,110 XARFAA21,111).  
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Table S3 Surface area contributions to Hirshfeld and promolecule surfaces by element. 
Toluenesulfonamide (Ts) Trifluorotoluenesulfonamide (TsF3) 
 Surface H C O  Surface H C O F 
SUZRUB 
21,99 
Hirshfeld 77.2% 9.2% 12.8% 
1 
Hirshfeld 61.3% 8.1% 12.0% 18.1% 
promolecule 76.7% 20.4% 2.7% promolecule 65.0% 23.5% 3.6% 7.8% 
KUSVOK 
21,100 
Hirshfeld 72.0% 14.8% 11.8% 
2 
Hirshfeld 56.0% 12.3% 11.5% 18.7% 
promolecule 67.0% 30.0% 2.8% promolecule 54.6% 32.7% 3.7% 8.7% 
HAVQIE 
21,101 
Hirshfeld 68.3% 13.0% 17.0% 
3 
Hirshfeld 44.4% 11.8% 15.9% 25.9% 
promolecule 60.7% 32.2% 6.7% promolecule 32.5% 37.3% 8.8% 20.7% 
YAWBIJ 
21,102 
Hirshfeld 70.1% 14.3% 15.0% 
4 
Hirshfeld 48.8% 12.8% 14.1% 23.7% 
promolecule 65.0% 29.9% 5.0% promolecule 40.1% 37.7% 6.7% 15.3% 
TAQGEY
(A)21,103 
Hirshfeld 73.8% 9.6% 15.7% 
5 
Hirshfeld 47.2% 10.2% 13.6% 27.9% 
promolecule 77.3% 18.0% 4.7% promolecule 50.1% 23.8% 6.2% 19.7% 
TAQGEY
(B)21,103 
Hirshfeld 73.2% 11.4% 14.4%       
promolecule 77.4% 17.4% 4.5%       
 average Δ +1.8% -12.6% +10.1%  average Δ +3.1% -19.9% +7.6% +8.4% 
 
Table S4  Compounds 1 – 5 are 
duplicated in the two tables as 
they are averaged as parts of two 
different sets: the set with (non-
fluorinated) tosyl counterparts 
(Table S3) and the set of all 
trifluorotosylated structures 
studied (Table S4).  
 Surface H C O F 
1 
Hirshfeld 61.3% 8.1% 12.0% 18.1% 
promolecule 65.0% 23.5% 3.6% 7.8% 
2 
Hirshfeld 56.0% 12.3% 11.5% 18.7% 
promolecule 54.6% 32.7% 3.7% 8.7% 
3 
Hirshfeld 44.4% 11.8% 15.9% 25.9% 
promolecule 32.5% 37.3% 8.8% 20.7% 
4 
Hirshfeld 48.8% 12.8% 14.1% 23.7% 
promolecule 40.1% 37.7% 6.7% 15.3% 
5 
Hirshfeld 47.2% 10.2% 13.6% 27.9% 
promolecule 50.1% 23.8% 6.2% 19.7% 
7 
Hirshfeld 41.4% 14.2% 17.1% 25.7% 
promolecule 30.7% 43.1% 8.4% 17.7% 
8 
Hirshfeld 59.7% 7.3% 12.0% 19.7% 
promolecule 74.4% 11.6% 4.2% 9.5% 
9 
Hirshfeld 58.9% 13.3% 10.7% 16.7% 
promolecule 56.2% 33.7% 3.0% 6.9% 
11 
Hirshfeld 65.6% 6.0% 11.9% 13.7% 
promolecule 80.8% 9.6% 5.3% 4.2% 
12 
Hirshfeld 61.3% 8.1% 12.0% 18.1% 
promolecule 64.7% 23.3% 3.6% 7.6% 
13 
Hirshfeld 45.9% 13.7% 12.0% 26.8% 
promolecule 33.0% 41.8% 4.6% 20.3% 
 average Δ +0.8% -18.2% +7.7% +8.8% 
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Table S5 RF calculations. 

































































































































































































































































































































































For (Ts)3-tris(2-aminoethyl)amine (CSD: TAQGEY)
21,103 and 5, the number of electron 
density points (pixels) were on the order of 107, too many for input into the PIXEL 
module.  Energy calculations were therefore performed on a series of larger pixel sizes, 
and the values for the base pixel size (0.08 Å) were extrapolated from these data. 
 




Coulombic Polarization Dispersion Repulsive Total 
0.16 -167.6 -80.9 -270.6 189.7 -329.4 
0.133333 -153.8 -73.6 -269.4 185.6 -311.2 
0.12 -144.8 -69.0 -268.3 183.8 -298.3 
0.106667 -141.6 -68.0 -267.0 182.2 -294.4 
0.08 -126.6 -60.2 -265.5 178.2 -274.0 
 
 




y = -507x - 86.04
R² = 0.9834
y = -254.36x - 39.808
R² = 0.9704
y = -66.215x - 260.22
R² = 0.9623
y = 141.64x + 166.91
R² = 0.9968




















Coulombic Polarization Dispersion Repulsive Total
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Table S7 PIXEL Extrapolation for (TsF3)3-tris(2-aminoethyl)amine 5, 84%. 
Pixel size, 
Å3 
Coulombic Polarization Dispersion Repulsive Total 
0.16 -180.9 -84.4 -271.1 167.1 -369.3 
0.133333 -148.6 -68.2 -268.1 162.9 -322.0 
0.12 -148.9 -68.1 -267.7 161.1 -323.6 
0.106667 -141.1 -58.0 -270.0 159.5 -309.6 
0.08 -118.2 -46.4 -267.6 155.5 -276.7 
 
 
Figure S4 PIXEL Extrapolation for (TsF3)3-tris(2-aminoethyl)amine 5, 84%. 
  
y = -733.51x - 59.519
R² = 0.8883
y = -466.07x - 9.0853
R² = 0.9444
y = -31.929x - 265.07
R² = 0.2058
y = 143.57x + 143.99
R² = 0.9961



















Coulombic Polarization Dispersion Repulsive Total
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Table S8 PIXEL Extrapolation for (TsF3)3-tris(2-aminoethyl)amine 5, 16%. 
Pixel size, 
Å3 
Coulombic Polarization Dispersion Repulsive Total 
0.16 -171.6 -74.7 -269.8 167.9 -348.2 
0.133333 -146.7 -80.0 -267.5 163.6 -330.6 
0.12 -147.3 -62.0 -269.8 161.8 -317.3 
0.106667 -142.5 -58.1 -269.7 160.2 -310.2 
0.08 -125.1 -51.6 -269.4 156.1 -290.0 
 
 
Figure S5 PIXEL Extrapolation for (TsF3)3-tris(2-aminoethyl)amine 5, 16%. 
  
y = -539.36x - 81.908
R² = 0.8626
y = -342x - 24.24
R² = 0.5669
y = 3.4281x - 269.65
R² = 0.0047
y = 145.5x + 144.46
R² = 0.9953
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Table S9 Atom-atom CLP close contacts. 
Attractive Repulsive Attractive Repulsive 
SUZRUB21,99 1 (67%) 
1 O-H (hydrogen 
bond) 








1 O-H (hydrogen 
bond) 
 1 O-H (hydrogen bond) 
1 O-H 
 
HAVQIE21,101 (50%) 3 
2 O-H (hydrogen 
bond) 
6 O-H 












2 O-H (hydrogen 
bond) 
10 O-H 









2 O-H (hydrogen 
bond) 




TAQGEY21,103 5 (84%) 
2 O-H (hydrogen 
bond) 
















CERWAX21,104 6 (50%) 
1 N-H (hydrogen 
bond) 


































































































Figure S6 Electrostatic 
potential surfaces of tosyl (left) 
and trifluorotosyl (right) 
amines with total electron 
density isosurface of 0.0004 
e/Å3 and a range of  
-0.07098 (red) to 0.07098 a.u. 
(blue). 
















Figure S7 Close contacts of methyl H and corresponding trifluoromethyl F in 
isostructural tosyl (left) and trifluorotosyl (right) 2-phenylaziridine (top, CSD: 





Table S10 Crystallographic Data and Structure Refinement Parameters. 
 1 2 3 4 5 
Empirical 
formula 
C15H14F3NO2S C14H12F3NO2S C20H14F6N2O4S2 C22H18F6N2O4S2 C27H27F9N4O6S3 
Formula weight 
(g/mol) 
329.33 315.31 524.45 552.50 770.70 
Crystal system orthorhombic triclinic triclinic monoclinic triclinic 
Space group P2121 21 P-1 P-1 P21/c P-1 
T (K) 100(2) 100(2) 100(2) 100(2) 100(2) 
a (Å) 6.9828(2) 5.0309(5) 5.0585(3) 19.5223(7) 7.0791(4) 
b (Å) 13.5847(6) 6.8459(7) 6.7910(5) 5.09980(10) 8.6112(6) 
c (Å) 15.5598(6) 21.011(2) 15.8344(12) 24.3868(8) 26.749(2) 
α (°) 90 88.716(4) 90.812(2) 90 84.320(3) 
β (°) 90 89.118(4) 90.875(3) 110.4650(10) 84.698(2) 
γ (°) 90 70.965(4) 109.637(2) 90 75.394(2) 
Z 4 2 1 4 2 
V (Å3) 1475.99(10) 683.87(12) 512.14(6) 2274.71(12) 1566.31(18) 
Dcalcd (g cm-3) 1.482 1.531 1.700 1.613 1.634 
reflns collected 17184 26255 14975 35436 68519 
unique reflns 3045 2833 2106 4718 6144 
observed reflns 2842 2608 1892 3837 5462 
# Parameters 227 195 157 325 482 
R1 [I>2σ(I)] 0.0353 0.0359 0.0376 0.0397 0.0356 
wR2 [I>2σ(I)] 0.0818 0.0867 0.0853 0.0912 0.0809 
R1 (all) 0.0393 0.0399 0.0449 0.0541 0.0419 
wR2 (all) 0.0841 0.0892 0.0883 0.0982 0.0839 
R(int) 0.0360 0.0316 0.0372 0.0566 0.0471 
GooF 1.077 1.102 1.115 1.030 1.084 
Flack Parameter 0.05(2) N/A N/A N/A N/A 




 6 7 8 9 10 
Empirical 
formula 
C12H9F3N2O2S C19H12F6N2O4S2 C11H14F3NO2S C15H14F3NO2S C11H12F3NO3S 
Formula weight 
(g/mol) 
302.27 510.43 281.29 329.33 295.28 
Crystal system triclinic monoclinic orthorhombic monoclinic triclinic 
Space group P-1 P21/c Pna21 P21/n P-1 
T (K) 100(2) 100(2) 100(2) 293(2) 298(2) 
a (Å) 5.7243(6) 19.6077(14) 23.8967(18) 5.1648(13) 10.914(2) 
b (Å) 8.8101(8) 9.2420(6) 10.4597(8) 26.842(7) 11.176(2) 
c (Å) 12.8200(12) 10.9016(8) 5.1367(4) 11.176(3) 11.544(3) 
α (°) 84.649(3) 90 90 90 105.483(5) 
β (°) 88.028(3) 100.551(3) 90 92.909(8) 104.679(5) 
γ (°) 73.014(3) 90 90 90 94.650(4) 
Z 2 4 4 4 4 
V (Å3) 615.62(10) 1942.1(2) 1283.93(17) 1547.4(5) 1295.9(5) 
Dcalcd (g cm-3) 1.631 1.746 1.455 1.414 1.513 
reflns collected 30692 62484 7940 12855 11103 
unique reflns 3260 4691 2129 2787 4637 
observed reflns 3022 4059 1838 2134 3818 
# Parameters 209 326 167 232 400 
R1 [I>2σ(I)] 0.0330 0.0382 0.0516 0.0739 0.0537 
wR2 [I>2σ(I)] 0.0851 0.0909 0.1022 0.2004 0.1325 
R1 (all) 0.0360 0.0470 0.0637 0.0897 0.0650 
wR2 (all) 0.0869 0.0960 0.1062 0.2219 0.1515 
R(int) 0.0401 0.0477 0.0517 0.0398 0.0214 
GooF 1.053 1.019 1.159 1.119 1.091 
Flack Parameter N/A N/A 0.07(6) N/A N/A 






 11 12 13 
Empirical 
formula 
C16H23F3N2O4S C15H14F3NO2S C13H9F4NO2S 
Formula weight 
(g/mol) 
396.42 329.33 319.27 
Crystal system triclinic orthorhombic triclinic 
Space group P-1 P212121 P-1 
T (K) 293(2) 100(2) 100(2) 
a (Å) 6.1230(10) 6.9838(2) 5.0659(4) 
b (Å) 9.6639(13) 13.5940(5) 6.7897(6) 
c (Å) 17.949(4) 15.5781(6) 20.2738(17) 
α (°) 76.561(9) 90 81.747(3) 
β (°) 82.547(10) 90 88.149(3) 
γ (°) 71.727(9) 90 70.354(3) 
Z 2 4 2 
V (Å3) 979.1(3) 1478.95(9) 649.85(10) 
Dcalcd (g cm-3) 1.345 1.479 1.632 
reflns collected 8110 11965 24778 
unique reflns 3497 3062 2706 
observed reflns 2776 2792 2451 
# Parameters 274 227 194 
R1 [I>2σ(I)] 0.0580 0.0396 0.0394 
wR2 [I>2σ(I)] 0.1501 0.0860 0.0944 
R1 (all) 0.0734 0.0460 0.0446 
wR2 (all) 0.1692 0.0893 0.0972 
R(int) 0.0342 0.0444 0.0434 
GooF 1.098 1.047 1.102 
Flack Parameter N/A 0.03(3) N/A 







All reagents and solvents were of reagent quality and were used as received. 1H, 13C{1H}, 
and 19F NMR spectra were recorded using a Bruker Avance 300 MHz spectrometer. 
Chemical shifts δ (in ppm) for 1H and 13C NMR spectra are referenced to 
tetramethylsilane using the residual protio-solvent as an internal standard. Coupling 
constants (J) are expressed in hertz (Hz). Melting points were obtained using an SRS 
DigiMelt and are uncorrected. High resolution mass spectroscopy analyses were 
performed by the Mass Spectroscopy Center at Auburn University (Auburn, AL) using a 
Waters® Q-Tof PremierTM mass spectrometer. Elemental analyses were performed at 
Atlantic Microlab, Inc. (Norcross, GA). All syntheses and purifications were performed 






Diethanolamine (2.889 g, 27.48 mmol) and (4-trifluoromethylbenzene)sulfonyl chloride 
(20.117 g, 82.238 mmol) were combined. Triethylamine was added and the reaction 
mixture was ground using mortar and pestle until TLC (silica, CH2Cl2) showed the 
disappearance of starting material. The product was isolated as colorless needles via 
recrystallization from hot methanol (13.304 g, 18.234 mmol, 66.52%). 1H NMR (300 
MHz, CDCl3): δ = 8.03 (d, J=8.3 Hz, 2H), 7.90 (d, J=8.3 Hz, 2H), 7.85 (d, J=8.5 Hz, 
4H), 7.80 (d, J=8.3 Hz, 2H), 4.24 (t, J=5.7 Hz, 4H), 3.51 (t, J=5.7 Hz, 4H). 13C NMR (75 
MHz, CDCl3): δ = 141.66, 141.65, 138.85, 138.83, 135.76 (q, 
2JC,F =33.4 Hz), 135.04 (q, 
2JC,F =33.2 Hz), 128.53, 127.76, 126.66 (q, 
3JC,F =3.6 Hz), 122.97 (q, 
1JC,F =273.7 Hz) 
122.90 (q, 1JC,F =273.1 Hz), 68.71, 48.70. 
19F NMR (282 MHz, CDCl3): δ = -63.19 (s, 
3F), -63.30 (s, 6F). mp = 157.4-158.6 °C HRMS (TOF-MS-ES+): m/z = 730.0312 [M + 
H]+ calcd for C25H21NO8F9S3: 730.029. Anal. calcd for C25H20NO8F9S3: C, 41.15; H, 






N,N’,N’’-tris(4-trifluoromethylbenzenesulfonyl) diethylene triamine 
Diethylene triamine (702 mg, 6.80 mmol) was dissolved in 125 mL dichloromethane and 
cooled to -78 °C. Triethylamine (693 mg, 6.85 mmol) was added, followed by one 
equivalent of (4-trifluoromethylbenzene)sulfonyl chloride. The reaction mixture was 
stirred at -78 °C for 30 minutes and then allowed to warm to room temperature. Sodium 
carbonate (2.914 g, 27.49 mmol) and two equivalents of (4-
trifluoromethylbenzene)sulfonyl chloride were added. The reaction mixture was stirred at 
room temperature for two days. The product was collected by filtration and the white 
solids were rinsed with dichloromethane and water, yielding 4.867 g (6.689 mmol, 
98.3%). 1H NMR (300 MHz, DMSO-d6): δ = 8.17 (br s, 2H), 8.01 – 7.98 (m, 8H), 7.94 – 
7.91 (m, 4H), 3.16 (t, J=6.6 Hz, 4H), 2.90 (t, J=6.6 Hz, 4H). 13C NMR (75 MHz, DMSO-
d6): δ = 144.37, 142.34, 132.71 (q, 
2JC,F =33.5 Hz), 132.26 (q, 
2JC,F =32.5 Hz), 127.88, 
127.51, 126.46, 123.50 (q, 1JC,F =271.2 Hz), 123.40 (q, 
1JC,F =271.8 Hz), 48.46, 41.59. 
19F 
NMR (282 MHz, DMSO-d6): δ = -61.60 (s, 6F), -61.74 (s, 3F). mp = 203.9 – 204.7 °C 
HRMS (TOF-MS-ES+): m/z = 728.0639 [M + H]+ calcd for C25H23N3O6F9S3: 728.061. 
Anal. calcd for C25H22N3O6F9S3: C, 41.27; H, 3.05; N, 5.77; S, 13.22. Found: C, 41.56; 






N,N’,N’’-tris(4-trifluoromethylbenzenesulfonyl) diethylene triamine ((F3Ts)3DETA, 
1.903 g, 2.615 mmol) was dissolved in 60 mL dimethylformamide.  Cesium carbonate 
(1.716 g, 5.267 mmol) and N,O,O’-tris(4-trifluoromethylbenzene) diethanolamine 
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((F3Ts)3DEOA, 1.901 g, 2.613 mmol) were added.  The reaction mixture was stirred at 
room temperature for two days and was then poured into 450 mL water.  The resulting 
white solid was recovered via vacuum filtration and was used without further purification 
(2.250 g, 2.005 mmol, 77%).  1H NMR (300 MHz, DMSO-d6): δ = 8.09 (d, J=9.0 Hz, 
8H), 8.04 (d, J=8.7Hz, 8H), 3.42 (s, 16H).  13C NMR (75 MHz, DMSO-d6): δ = 140.13, 
133.21 (q, 2JC,F =32.2 Hz), 128.52, 126.99, 123.41 (q, 
1JC,F =271.0 Hz), 51.32.  
19F NMR 
(282 MHz, DMSO-d6): δ = -61.75 (s).  HRMS (TOF-MS-ES
+): m/z = 1005.0961 [M + 
H]+ calcd for C36H33N4O8F12S4: 1005.099. Anal. calcd for C36H32N4O8F12S4: C, 43.03; H, 







Diethanolamine (9.357 g, 89.00 mmol) was dissolved in 250 mL dichloromethane and 
triethylamine (9.084 g, 89.77 mmol) was added.  To the solution was added 4-
nitrobenzenesulfonyl chloride (19.867 g, 89.645 mmol) and the reaction mixture was 
stirred at room temperature for two days.  The reaction mixture was then dried and the N-
(4-nitrobenzenesulfonyl)-diethanolamine product was isolated via recrystallization from 
hot methanol (18.109 g, 62.381 mmol, 70.09%). 
N-(4-nitrobenzenesulfonyl)-diethanolamine (0.761 g, 2.62 mmol) and (4-
trifluoromethylbenzene)sulfonyl chloride (1.254 g, 5.126 mmol) were combined. 
Triethylamine was added and the reaction mixture was ground using mortar and pestle 
until TLC (silica, CH2Cl2) showed the disappearance of starting material. The product 
was isolated as colorless needles via recrystallization from hot methanol (1.030 g, 1.458 
mmol, 56.87%).  1H NMR (500 MHz, CDCl3): δ = 8.36 (dt, J=9.0 Hz, 2H), 8.02 (d, J=8.0 
Hz, 4H), 7.97 (dt, J=9.0Hz, 2H), 7.86 (d, J=8.5Hz, 4H), 4.24 (t, J=5.7 Hz, 4H), 3.56 (t, 
J=5.5 Hz, 4H).  13C NMR (125 MHz, CDCl3): δ = 150.60, 144.10, 138.87, 136.10 (q, 
2JC,F =33.1 Hz), 128.68, 128.66, 126.86 (q, 
3JC,F =3.8 Hz), 124.87, 123.06 (q, 
1JC,F =272.9 






N,N’,N’’-tris(4-nitrobenzenesulfonyl) diethylene triamine 
Diethylene triamine (1.016 g, 9.848 mmol) was combined with 150 mL dichloromethane 
and triethylamine (3.052 g, 30.16 mmol).  4-Nitrobenzenesulfonyl chloride (6.484 g, 
29.26 mmol) was added and the pale yellow solution was stirred for three days.  The 
white precipitate was collected via vacuum filtration and was washed with 
dichloromethane and water, yielding 5.019 g (7.620 mmol, 78.14%).  1H NMR (300 
MHz, DMSO-d6): δ = 8.42 (d, J=8.9 Hz, 4H), 8.37 (d, J=8.9 Hz, 2H), 8.16 (t, J=5.9 Hz, 
2H), 8.02 (d, J=8.8 Hz, 4H), 8.00 (d, J=7.4 Hz, 2H), 3.20 (t, J=6.7 Hz, 4H), 2.93 (q, 
J=6.2 Hz, 4H).  13C NMR (75 MHz, DMSO-d6): δ = 149.87, 149.64, 145.66, 143.87, 






To N,N’,N’’-tris(4-nitrobenzenesulfonyl) diethylene triamine ((Ns)3DETA, 721 mg, 1.09 
mmol) and cesium carbonate (765 mg, 2.35 mmol) were added 15 mL 
dimethylformamide and N-(4-nitrobenzenesulfonyl)-O,O’-bis(4-
trifluoromethylbenzenesulfonyl) diethanolamine ((F3Ts)2(Ns)DEOA, 774 mg, 1.10 
mmol).  The reaction mixture was stirred at room temperature for two days and was then 
dripped into 120 mL water.  The precipitate was recovered via vacuum filtration and was 
washed with acetone, yielding white solid (648 mg, 0.710 mmol, 64.9%).  1H NMR (300 






N,N’’-bis(4-nitrobenzenesulfonyl) diethylene triamine-N’-hydrochloride 
A solution of diethylene triamine (1.046 g, 10.14 mmol) in 75 mL dichloromethane was 
cooled to 0 °C and triethylamine (1.039 g, 10.27 mmol) was added.  4-
Nitrobenzenesulfonyl chloride (2.226 g, 10.04 mmol) was taken up in minimal 
dichloromethane and was added slowly to the cooled solution.  The reaction mixture was 
stirred at 0 °C for three hours and then 30 mL 4 M hydrochloric acid in dioxane was 
added, forming a white precipitate.  The mixture was dried; then 100 mL water was 
added and the white suspension was stirred for five hours.  The product was collected by 
vacuum filtration (2.150 g, 4.216 mmol, 83.95%).  1H NMR (300 MHz, DMSO-d6): δ = 
9.28 (br s, 2H), 8.54 (br s, 2H), 8.43 (d, J=8.9 Hz, 4H), 8.09 (d, J=8.9 Hz, 4H), 3.11 (br t, 
J=4.9 Hz, 4H), 3.01 (br t, J=5.7 Hz, 4H).  13C NMR (125 MHz, DMSO-d6): δ = 149.80, 






N,N’’-bis(4-nitrobenzenesulfonyl) diethylene triamine-N’-hydrochloride 
((Ns)2(H)DETA*HCl, 2.175 g, 4.265 mmol) and cesium carbonate (4.283 g, 13.145 
mmol) were dissolved in 50 mL dimethylformamide and N-(4-nitrobenzenesulfonyl)-
O,O’-bis(4-trifluoromethylbenzenesulfonyl) diethanolamine ((F3Ts)2(Ns)DEOA, 2.967 
g, 4.199 mmol) was added.  The reaction mixture was stirred at room temperature for one 
week.  The reaction mixture was then poured into 450 mL water and the resulting pale 
yellow solid was collected via vacuum filtration.  The crude solid was taken up in 50 mL 
acetone and precipitated into 450 mL methanol and recovered via vacuum filtration.  1H 
NMR (500 MHz, DMSO-d6): δ = 8.48 (d, J=8.85 Hz, 2H), 8.42 (d, J=8.85 Hz, 4H), 8.12 
(d, J=8.80 Hz, 2H), 8.02 (d, J=8.80 Hz, 4H), 3.69 (t, J=6.0 Hz, 4H), 3.12 (br t, J=5.0 Hz, 






N,N’’-bis(4-nitrobenzenesulfonyl)-N’-(formyl) diethylene triamine 
N,N’’-bis(4-nitrobenzenesulfonyl) diethylene triamine-N’-hydrochloride 
((Ns)2HDETA*HCl, 2.036 g, 3.993 mmol) was dissolved in 50 mL dimethylformamide 
and cesium carbonate (1.324 g, 4.064 mmol) and ethyl formate (3.20 mL, 47.1 mmol) 
were added.  The reaction mixture was stirred at 80 °C for three days.  The reaction 
mixture was concentrated to 20 mL and was dripped into 400 mL stirred water.  The 
banana-yellow precipitate was collected via vacuum filtration (1.664 g, 3.318 mmol, 
83.12%).  1H NMR (500 MHz, DMSO-d6): δ = 8.41 (d, J=8.8 Hz, 4H), 8.13 (br s, 2H), 
8.02 (d, J=8.7 Hz, 4H), 7.85 (s, 1H), 3.26 (t, J=5.7 Hz, 2H), 3.18 (t, J=6.6 Hz, 2H), 2.93-
2.89 (m, 4H).  13C NMR (125 MHz, DMSO-d6): δ = 163.44, 163.39, 149.60, 145.97, 






N,N’’-bis(4-nitrobenzenesulfonyl)-N’-(formyl) diethylene triamine 
((Ns)2(formyl)DETA, 4.306 g, 8.586 mmol) was dissolved in 250 mL 
dimethylformamide, and cesium carbonate (5.635 g, 17.29 mmol) was added.  Then N-
(4-nitrobenzenesulfonyl)-O,O’-bis(4-trifluoromethylbenzenesulfonyl) diethanolamine 
((F3Ts)2(Ns)DEOA, 6.084 g, 8.610 mmol) was added and the reaction mixture was 
stirred at room temperature for two days.  The reaction mixture was concentrated to 50 
mL and was dripped into 400 mL stirred water, yielding a yellow-and-brown solid which 
was recovered via vacuum filtration.  The product was isolated via column 
chromatography (silica, 99% dichloromethane/ 1% acetone → 100% acetone) as a 
yellow-orange solid (3.515 g, 4.651 mmol, 54.17 %).  1H NMR (300 MHz, DMSO-d6): δ 
= 8.49-8.44 (m, 6H), 8.18 (d, J=6.6 Hz, 2H), 8.13 (d, J=9.0 Hz, 2 H), 8.08-8.06 (m, 3H), 
3.73-3.70 (m, 4H), 3.45-3.32 (m, 12H).  13C NMR (75 MHz, DMSO-d6): δ = 164.43, 
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150.38, 150.24, 149.96, 141.83, 141.33, 140.27, 129.58, 129.18, 129.12, 128.55, 124.87, 





N,N’’-bis(4-nitrobenzenesulfonyl)-N’-tert-butoxycarbonyl diethylene triamine 
N’-Boc-diethylenetriamine (1.020 g, 5.013 mmol) was dissolved in 100 mL water and 
sodium carbonate (1.054 g, 9.945 mmol) was added.  To the solution was added 4-
nitrobenzenesulfonyl chloride (2.225 g,10.04 mmol) and the resultant suspension was 
stirred at room temperature for two days.  The suspension was then filtered and the white 
solids were rinsed with water and dichloromethane, recovering 1.964 g (3.424 mmol, 
68.29%).  1H NMR (300 MHz, DMSO-d6): δ = 8.41 (d, J=8.6 Hz, 4H), 8.13-8.11 (m, 
2H), 8.02 (d, J=8.8 Hz, 4H), 3.14 (t, J=6.2 Hz, 4H), 2.89 (q, J=6.1 Hz, 4H), 1.33 (s, 9H).  
13C NMR (75 MHz, DMSO-d6): δ = 154.38, 149.55, 146.16, 127.99, 124.66, 79.10, 






N,N’’-bis(4-nitrobenzenesulfonyl)-N’-tert-butoxycarbonyl diethylene triamine 
((Ns)2(Boc)DETA, 279 mg, 486 μmol) and cesium carbonate (367 mg, 1.13 mmol) were 
dissolved in 5 mL dimethyl formamide, and N-(4-nitrobenzenesulfonyl)-O,O’-bis(4-
trifluoromethylbenzenesulfonyl) diethanolamine ((F3Ts)2(Ns)DEOA, 243 mg, 344 μmol) 
was added.  The reaction mixture was stirred at room temperature for two days and was 
then dripped into 125 mL water.  The white precipitate was collected by filtration and 
rinsed with water.  The product was purified via column chromatography (silica, 95% 
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dichloromethane/ 5% acetone → 90% dichloromethane/ 10% acetone) as a white solid 
(156 mg, 188 μmol, 54.7%).  1H NMR (300 MHz, DMSO-d6): δ = 8.49 (d, J=8.8 Hz, 
2H), 8.47 (d, J=8.8 Hz, 4H), 8.11 (d, J=8.9 Hz, 2H), 8.07 (d, J=8.9 Hz, 4H), 3.60 (br s, 
4H), 3.42 (br s, 4H), 3.35 (br s, 4H), 3.28 (br s, 4H), 1.40 (s, 9H).  13C NMR (75 MHz, 
DMSO-d6): δ = 154.79, 150.42, 150.24, 140.10, 129.64, 128.98, 124.95, 124.89, 79.48, 






methylbenzenesulfonyl) diethylene triamine 
N-tert-butoxycarbonyl diethylene triamine (4.998 g, 24.59 mmol) was dissolved in 250 
mL dichloromethane.  Triethylamine (25.081 g, 247.86 mmol) and cesium carbonate 
(40.184 g, 123.33 mmol) were added and the mixture was cooled to 0 °C.  4-
Nitrobenzenesulfonyl chloride (5.455 g, 24.61 mmol) was added and the reaction mixture 
was stirred for 18 hours, coming to room temperature gradually.  The reaction mixture 
was then washed with water and the organic layer was concentrated.  The desired N-(4-
nitrobenzenesulfonyl)-N’’-tert-butoxycarbonyl diethylene triamine was purified via 
column chromatography (silica, 98% dichloromethane/ 2% acetone → 100% acetone) as 
a yellow solid (4.837 g, 12.45 mmol, 50.65%). 
N-(4-nitrobenzenesulfonyl)-N’’-tert-butoxycarbonyl diethylene triamine (1.013 g, 2.208 
mmol) was dissolved in 75 mL dichloromethane.  Triethylamine (2.620 g, 25.89 mmol) 
and cesium carbonate (4.257 g, 13.07 mmol) were added and the mixture was cooled to 0 
°C.  4-Trifluoromethylbenzenesulfonyl chloride (0.639 g, 2.61 mmol) was added and the 
reaction mixture was stirred for 18 hours, coming to room temperature gradually.  The 
reaction mixture was then washed with water and the organic layer was concentrated.  
The N-(4-nitrobenzenesulfonyl)-N’-(4-trifluoromethylbenzenesulfonyl)-N’’-tert-
butoxycarbonyl diethylene triamine was purified via column chromatography (silica, 
98% dichloromethane/ 2% acetone → 100% acetone) as a yellow solid which was then 
stirred in 20 mL 4 N hydrochloric acid in 1,4-dioxane for 2 hours.  The desired N-(4-
nitrobenzenesulfonyl)-N’-(4-trifluoromethylbenzenesulfonyl) diethylene triamine N’’-
hydrochloride was precipitated into 100 mL diethyl ether and recovered via filtration 
(0.460 g, 0.960 mmol, 43.5%). 
178 
 
N-(4-nitrobenzenesulfonyl)-N’-(4-trifluoromethylbenzenesulfonyl) diethylene triamine 
N’’-hydrochloride (0.460 g, 0.960 mmol) was dissolved in 20 mL dimethylformamide 
and triethylamine (0.303 g, 2.99 mmol) and 4-methylbenzenesulfonyl chloride (0.184 g, 
0.965 mmol) were added.  The reaction mixture was stirred at room temperature for 18 
hours.  The reaction mixture was then concentrated, loaded onto a silica column, and 
eluted with 98% dichloromethane/ 2% acetone → 100% acetone.  The product was 
isolated as a white solid (0.103 g, 0.158 mmol, 16.5%).  1H NMR (500 MHz, acetone-d6): 
δ = 8.44 (dt, J=8.9 Hz, 2H), 8.15 (dt, J=9.0 Hz, 2H), 8.04 (d, J=8.3 Hz, 2H), 7.95 (d, 
J=8.3 Hz, 2H), 7.73 (dt, J=8.3 Hz, 2H), 7.40 (d, J=8.0 Hz, 2H), 7.05 (t, J=6.1 Hz, 1H), 
6.60 (t, J=6.2 Hz, 1H), 3.36 (t, J=6.8 Hz, 2H), 3.32 (t, J=6.8 Hz, 2H), 3.25 (q, J=6.6 Hz, 
2H), 3.09 (q, J=6.6 Hz, 2H), 2.42 (s, 3H).  13C NMR (75 MHz, acetone-d6): δ = 151.01, 
147.13, 147.07, 144.10, 143.54, 138.54, 138.48, 134.46 (q, 2JC,F =32.5 Hz), 130.53, 
129.28, 128.97, 127.79, 127.36 (q, 3JC,F =3.7 Hz), 125.34, 124.48 (q, 
1JC,F =270.4 Hz), 
50.13, 43.00, 42.92, 21.37.  19F NMR (282 MHz, acetone-d6): δ = -63.54. 
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